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ABSTRACT

This dissertation demonstrates the first of its kind distributed magnetic field sensor based on a
fiber optic distributed acoustic sensing (DAS) scheme. Ferromagnetic nickel and Metglas® were
dispersednternally within a fiber optic preform and then dramman irhouse fiber optic draw

tower to lengths in the kilometers. Due to the close proximity of the ferromagnetic metals and
fiber optic core, the magnetostrictive strain response of the ferromagnetic materials when
exposed to a magnetic field would ppgbate within the fiber cladding and transfer that strain,
internally, to the fiber optic core. Strain resulting from the magnetostrictive effect allows the

DAS based sensor to accurately translate strain into readable magnetic field data. Due to the high
sensitivity seen in this sensor design, multiparameter sources, acoustic and magnetic fields, were
tested and validateahd a three dimensional magndiald vector sensor was proposed

Numerical analysis of the novel sensor design was first implemasieg COMSOL

Multiphysics, where inputs such as magnetostrictive element shape, size, distance, and number
were first investigated. Upon optimizing system constraints, the sensor design was further
modified such that single mode operation was consisteoss multiple fiber draws while

retaining high strain transfer from the ferromagnetic elements to the fiber optic core.
Ferromagnetic material selection was evaluated as a function of the saturation magnetostriction
constant@nd a total of 4 modules weunsed to fully characterize the complex physics involved

in this sensor design.

All fabrication and testing were performedhouse using a full scales?ory fiber draw tower

and custom environmental testing stations to imitate natwredyirring events such as magnetic

or acoustic point sources.uique stacking method was used to embed ferromagnetic nickel

and Metglas® into a fiber optic preform which when combined with a custom fiber draw process
resulted in consistent mutnaterialfibers drawn to lengths oflm. In-house testing facilities
included different types of electromagnetic generators, in addition to a soil test bed, and an
outdoor test bed which allowed 100 meters of fiber to be tested simultaneously.

All tested sensordemonstrated high strain transfer capabilitieshe order ot@t ¢ p 1 T
depending on the materials used, ferromagnetic rod number, and core to metal spacing. Due to
the sensitivity of the system the difference between AC and DC was distinct, anidmiect
magnetostriction was studied. Transverse and longitudinal magnetic wave propagation was
controlled through a solenoid and rectangular Helmholtz coil, both biithuse A three

dimensional magnetic field vector sensor was proposed due to thessotties magnetic field
sensor, and a design was proposed and initially tested to validate direction as a function of field
strength and distance.



To summarize, this dissertation exploties first fully distributed magnetic field sensor using
DAS based techniques and one of the first raltiterial fiber draw processes whicdn
produceconsistent single mode fiber up te&ki. Due to extensive FEA modelingultiple
iterations of the magtie sensomverefully characterized and an equation describing the
relationship between sensor design and strain transfer has been created and validated
experimentallyMulti-parameter tests including acoustic and magnetic fields were implemented
and an gorithm was developed to separtite mixed signalgsinally, a test was performed to
demonstrate the feasibility of sensing magnetic fields directior@lignulative results
demonstrate high-quality sensor alternative to current designs which may surpass other
magnetic sensors due to innate mplrameter capabilities, in addition to the inexpensive
production cost and extremely long operating lengths.
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General Audience Abstract

This dissertation demonstrates the first of its kind distributed magnetic field sensor based on a
fiber optic distributed acoustic sensing (DAS) schereeromagnetic nickel and Metglas® were
dispersednternally within a fiber optic preform and then dramman irhouse fiber optic draw

tower to lengths in the kilometers. Due to the close proximity of the ferromagnetic metals and
fiber optic core, the magnetostrictive strain response of the ferromagnetic materials when
exposed to a magnetic field would ppgbate within the fiber cladding and transfer that strain,
internally, to the fiber optic core. Straiesultingfrom the magnetostrictive effect allows the

DAS based sensor to accuratgpnslate strain into readable magnetic field datee to the high
sensitivity seen in this sensor design, multiparameter sources, acoustic and magnetic fields, were
tested and validated and a three dimensional magfirdticvector sensor was proposed.

Numerical evaluation of the sensing structure was perused beforgregntal testing using

COMSOL Multiphysics. Experimental and numerical evaluations were compared and showed a
high degree of certainty which allowed expedited design modifications. Sensor characterization
included scanning electron microscopy, and etectliffraction spectroscopyhich provided

insight into material composition and fiber polishing quallye to thehigh-quality results

attained in the combined acoustic and magnetic field tests, a final design was proposed to gather
magnetic field data as a vector, showing both magnitude and direction. The 3D magnetic field
vector sensor was partially validated based tesawhch compared intensity with distance and

a design and methodology was proposed to fully test and characterize this design.

To summarize, a novel magnetic field sensor, capable of-pardimeter sensing, was proposed

and tested experimentally and numefica¢sulting in a robust and highly sensitive desitime

work presented here provides some of the first insights into-maltrial fiber fabricationan

equation which provides an estimated relationship between magnetostrictive strain transfer onto
a fiber optic core and the perceived DAS based sensor results, as well as a first of its kind multi
parameter distributed acoustic and magnetic field sensor.
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simulation. (a) Resulting MFD plot generated by a MATLAB script, showityg &fiber core
diameter with two Ni rods distributed internally and adjacent to the optic(©@réOMSOL
grayscale plot showing the irradiance distributed over the fiber surface, measwr#d q... 65

Figure 5.3: MFD measurement collected via FEA through a COMSOL Multiphysics v5.4
simulation. (a) Resulting MFD plot generated by a MATLAB script, showitig @fiber core
diameter with two Ni rods distributed internally and adjacent to the optic ©@reQMSOL
grayscale plot showing the irradiance distributed over the fiber surface, measwrgd Q... 66

Figure 5.4: DC Magnetic field analysis of areter solenoid with a PVC cylinder as the
supporting structure. Experimental data was plotted against the theoretical data calculated from a
0 aB-field output, which vas based on a DC input parameter of 5 amps controlled by a DC

Figure 5.5: Measured AC and DC signals of tha and 5m EM Solenoids using

magnetometer. (a) DC mapping of the magnetic flux density as a function of current in the EM
solenoids (b) AC mapping of therB EM solenoid s magnetic field as a fu
AC results of the right and left half of then® EM solenoid calculating the magnetic field as a

FUNCHION OF TIME..iiiiiiiiiiieie e e e e e e e e eees 68

Figure 5.6: Theoretical analysis of a rectangular Helmholtz coil and the resulting magnetic field
(o (1Y (T o0 0] o T S OO 69

Figure 5.7: Front view of the Helmholtz coil which was wrapwét Cu wire longitudinally
recreating the rectangul ar Hel mhaol.t.z...c.@i | 6s m

Figure 5.8: Helmholtz coil experimental output. (a) Magnetic flux measured as a function of
distance longitudinally, where zero and 250 cm are the ends of the Helmholtz coil, which show
sharp drops in magnetilux. (b) DC magnetic flux density mapping of the magnetic flux

density as a funCtion Of CUMENT..........cooiiiiiii e e 70

Figure 5.9: MFD measurement collected via FEA through a COMSOL Multiphysics v5.4
simulation. (a) Resulting MFD plot generated by a MATLAB script, showitig @fiber core
diameter with two Ni rods distributed internally and adjacent to the optic core. (b) COMSOL
grayscale plot showing the irradiance distributed over the fiber surface, measwréd q... 71

Figure 5.10: Schematic of the distributed fiber optic acoustic sensing system connected to a
magnetic sensing fiber comang Multiple FBGS.........cccoiviiiiiiiiicieeeeeeees e eeen 72

Figure 5.11: MFD measurement collected vidARhrough a COMSOL Multiphysics v5.4
simulation. (a) Resulting MFD plot generated by a MATLAB script, showitdig @fiber core
diameter with two Ni rods distributed internally and adjacent to the optic core. (b) COMSOL
grayscale plot showing the irradige distributed over the fiber surface, measured fia ¢.... 73
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Figure 5.12: Schematic of the distributed fiber optic acoustic sensing system connected to a
magnetic sensing fiber containing Multiple FBGS.............uvviiiiiiccseieeeis e 75

Figure 5.13: Schematic of the distributed fiber optic acoustic sensing system connected to a
magnetic sensing fiber containing Multiple FBGS.............uvvuiiiiiiccseeeieee e 76

Figure 6.1: Experimental vs Numerical results for Ni and Metglas@swdistributed adjacent to

the fiber optic core. Experimental calculations were based on plot 5.5 which measured magnetic
field as a function of current for the solenoids, meaning a current was first increased to result in a
higher magnetic field. A highenagnetic flux resulted in a near constant strain result in-tiie 2

wire system which was similarly indicated by the COMSOL simulated results. An order of
magnitude yaxis decrease was implemented for the COMSOL results to help imitate randomly
distributed Ni voids in the fabricated fiber. (a) Initial results with dt dmicron rod diameter

Ni wire distributed v 1t daway from the fiber optic core. (b) Current magnetic sensing results

in the magnetic sensing fiber, with twoo ft aNi wires distributed v 1@ Gaway from the

fiber optic core. (c) Current magnetic sensing fiber results for a 2 Metglas® wire system7

Figure 6.2: (a) This graph presents on the magnetostrictive strainei wige fiber collected

while exposed to an AC induced magnetic field aft “Yvithin an EM solenoid. At higher

magnetic fields a reoccurring theme is the consistently high peaik at the fiber magnetizes

and demagnetizes with the AC field. It can be clearly seen through this image that the magnetic
fiber magnetizes and demagnetizes four times in 0.9 seconds never surpassing the max strain
value ofu &' 7, an order of magnitude@gher magnetostrictive strain transfer than previous

fiber designs. (D) Metglas® RESUILS..........uuuiiiiiii e eeee e 78

Figure 6.3: Magnetostrictive strain of @\2wire system with a constant magnetic field induced
by AC in an EM solenoid. Spectrograms indicate no acoustic sources to modulate the system
strain, and peak frequencies are plotied function of channel length. Channels in this case
refer to sensing locations identified by the picoDAS system. (a, b) magnetostrictive strain as a
function of channel number plotted versus time. (c, d) Spectrogram of channel 14 indicating no
acousticsource present. (e, f) AC induced frequencies of channel 14 between two tests.
Frequency shifts from-80Hz between the two tests with a non VariaeugetAC was generated
here by a signal generator and amplifier which may explain the frequency ghdtsrie, f).. 80

Figure 6.4: Variac step tests performed on a feagnetic Ni system with one wire. Frequency

was held constant while voltages were increased over time, ranging-20m & increments of

5V. Hz and V were used as opposed to a magnetic flux calculation as figures 5.5 and 5.8 already
demonstrated the relanship between magnetic flux density and input current for the testing
stands. (a) Variac step test with a 60Hz frequency and OV input. (b) magnetostrictive strain as a
function of channel number plotted versus time for 60Hz OV. (c) Variac step test G0tHz

frequency and 5V input. (d) magnetostrictive strain as a function of channel number plotted
versus time for 60Hz 5V. (e) Variac step test with a 60Hz frequency and 10V input. (f)
magnetostrictive strain as a function of channel number plottedsvinse for 60Hz 10V. (g)

Variac step test with a 60Hz frequency and 15V input. (h) magnetostrictive strain as a function
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of channel number plotted versus time for 60Hz 15V. (i) Variac step test with a 60Hz frequency
and 20V input. (j) magnetostrictive dtraas a function of channel number plotted versus time for
G0 A2 0 PR SUPPPERPR 82

Figure 6.5: Grouped Metglas® results tested with three different magnetic field generating
systems. Results range fra@t p 1 ‘ Tfor a single Metglas element system depending on
power supply source and type of magnetiaifigénerator (e.g., solenoid or Helmholtz coil). Hz
and V were used as opposed to a magnetic flux calculation as figures 5.5 and 5.8 already
demonstrated the relationship between magnetic flux density and input current for the testing
stands (a) Sensor résuwhile threaded through a solenoid which was connected to a Variac at
60Hz and 20V. (b) Sensor results while threaded through a solenoid which was connected to
only a signal generator which supplied 60 Hz and 20V. (c) Sensor results while threadghl throu
a rectangular Helmholtz coil which was connected to a Variac that supplied 60Hz and.88V.

Figure 6.6: Variac step tests performed on a ferromagnetic Metglas® system with one wire.
Frequency was held constant while voltages were increased over time, rangine2ddha
increments of 5V. Hz and V were used as oppts@dmagnetic flux calculation as figures 5.5

and 5.8 already demonstrated the relationship between magnetic flux density and input current
for the testing stands. (a) Variac step test with a 60Hz frequency and 0V input. (b)
magnetostrictive strain as anfction of channel number plotted versus time for 60Hz OV. (c)
Variac step test with a 60Hz frequency and 5V input. (d) magnetostrictive strain as a function of
channel number plotted versus time for 60Hz 5V. (e) Variac step test with a 60Hz frequency and
10V input. (f) magnetostrictive strain as a function of channel number plotted versus time for
60Hz 10V. (g) Variac step test with a 60Hz frequency and 15V input. (h) magnetostrictive strain
as a function of channel number plotted versus time for 60Hz (1)5Variac step test with a

60Hz frequency and 20V input. (j) magnetostrictive strain as a function of channel number
plotted versus time fOr BOHZ 20M..........oooiiiiiiiiiee e i reeeeeeeee el 85

Figure 6.7: Helmholtz step tests performed on a ferromagnetic Ni system with one wire
connected to a Variac. Frequency was held constant while voltagesareagsed over time,

ranging from 620V at increments of 5V. Hz and V were used as opposed to a magnetic flux
calculation as figures 5.5 and 5.8 already demonstrated the relationship between magnetic flux
density and input current for the testing standsMariac step test with a 60Hz frequency and

OV input. (b) magnetostrictive strain as a function of channel number plotted versus time for
60Hz OV. (c) Variac step test with a 60Hz frequency and 5V input. (d) magnetostrictive strain as
a function of chanel number plotted versus time for 60Hz 5V. (e) Variac step test with a 60Hz
frequency and 10V input. (f) magnetostrictive strain as a function of channel number plotted
versus time for 60Hz 10V. (g) Variac step test with a 60Hz frequency and 15V input. (h)
magnetostrictive strain as a function of channel number plotted versus time for 60Hz 15V. (i)
Variac step test with a 60Hz frequency and 20V input. (j) magnetostrictive strain as a function of
channel number plotted versus time for 60Hz 2QV.............oooiiiiiiimni e 87

Figure 6.8 : Strain response of the magnetic sensor, composed of a sitgjes®ievire, while
exposed to a decreasing voltage@®Q with a constant frequency of 60Hz, over a 15 second
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period. As noted in chapter 5, the strain amplitude when exposed to a magnetic field originating
from a Helmholtz coil will decrease after thetiai magnetization, which is why the amplitude

only reaches a maximum peakr@t p . However, there is a distinct change starting at 9.5
seconds which indicates when the amplitude was quickly reduced to.zero..................... 38

Figure 6.9: Strain response of the magnetic sensor, compoaeiingfle Metglas® wire, while
exposed to a quick ramp test rangin@®V at 60 Hz. The quick ramp test occurred over 15
seconds where a Varaic was quickly ramped up to 20 Volts and then quickly turned back down
to zero volts. This figure shows the initraimp at 83 seconds, followed by the maximum
magnetization of the Metglas® element from8 Seconds and then a gradual decline to 15
seconds. Due to how information was tabulated by the MATLAB script,-thesxshows two
instances of zero, where the segd@ero starts at 10 SECONAS............uuurumiiiiiiicccneeriininns 89

Figure 6.10: Acoustic mapping af>1 ton car driving parallel to the outdoor testbed at around
5mph. A constant acoustic response can be noted in channel 21 which was aligned closest to the
car, and a decreasing acoustic intensity can be noted reading the figure left to right as the car
drives away from the test bed. The car was approximately 30ft from the nearest channel and
drove more than 500 feet away in the course of 60 sec. This specific plot showed a brief timeline
of the event due to the large number of files collected from thergment............................. Q0

Figure 6.11: Acoustic mapping of a simultaneous éaspwhere a hammer was dropped by

multiple people along various portions of the test bed, to determine sensitivity over multiple
channels. A resulting strain vs time plot indicates multiple channels were affected by the tap test,
partially due to the wrappg scheme done to increase the exposed fiber length, while reducing

the need for outdoor space. Hammers were dropped and picked up three times over the course of
80 seconds with almost identical results at the 18, 42, and 73 second.matk.................. 91

Figure 6.12: A final tap test was instituted by randomly orienting oneseffexedt positions

along the fiber and digging adjacent to the buried fiber. Three people were used to
simultaneously dig at specified points along the test bed. The first set of results can be noted at
around the 20 second mark, where three people stiigguhg at the same time. The acoustic

strain vs time indicates a slight delay in acoustic events at the 18, 20, and 28 second mark, which
would align with the digging pattern instituted for this experiment. A final test at 54 seconds was
done where eagberson slammed their shovel on the ground at the same time to generate the
multi-channel response seen at 54 SECONUS..........uuuiiiiiiiieceirr e e e e e errer e e e e eees 92

Figure 6.13: Contrasted acoustic and magnetic strains present in thenateltial fiber. Results
indicate both strains to be periodic and dependent onitfed frequency of the acoustic or
magnetic source. Magnetostrictive elements will magnetize and demagnetize quickly while
exposed to an external AC induced EM field. (a) Ferromagnetic Ni element exposed to a 20mT
magnetic field (b) acoustic response exgab® a 15v 60Hz acoustic pulse over 6 second€3

Figure 6.14: Acastic responses from a muitiaterial fiber embedded with ferromagnetic Ni
elements, placed adjacent to a Sentek fiber ovemagauge length. Channels33are directly
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affected by the acoustic amplifier test. A digitized amplifier was placed adjadéet EM

solenoid, which was not turned on, and only acted as a safe location to hold the fibers. The
acoustic generator had a constant 15V injected into it and a series of frequencitisHakzere

used to test the fibers. Acoustic strain responses wgvenane fromr® p‘ Twith the highest

strain observed at the 15V 100Hz test. Strangely the strain response decreased for the 500 and
1kHz tests, which may be due to a reduced power. Hz and V were used as opposed to a magnetic
flux calculation as figures.5 and 5.8 already demonstrated the relationship between magnetic
flux density and input current for the testing stands. (a) Acoustic amplifier strain test with a
constant 15V and OHz frequency. (b) Acoustic amplifier strain test with a constant 15V and
10Hz frequency. (c) Acoustic amplifier strain test with a constant 15V and 15Hz frequency. (d)
Acoustic amplifier strain test with a constant 15V and 100Hz frequency. (e) Acoustic amplifier
strain test with a constant 15V and 500Hz frequency. (f) Acousilifeen strain test with a

constant 15V and 1KHZ frEQUENCY............ooiiiiiiiiiiicce e e e e e e e 94

Figure 6.15: Central frequency responses of the acoustic amplifier strain tests. (a) Frequency
response of the 15V 10Hz experiment. (b) Frequency response of the 15V 50Hz experiment. (c)
Frequency response of the 15V 100Hz experiment. (d) Frequency resptmsésV 1kHz
L2301 11 T L S P P PPR 95

Figure 6.16: Six multparameter tests with channels 1&14 as the acoustic and magnetic strains
results. Due to limited channels on the magnetic sensing fiber a single channel from the Sentek
fiber was used as a le@lto assist in capturing the acoustsults. Due to the lack of
magnetostrictive material in the Sentek fiber channel, most easily indicated by plot (f), a
significant difference in strain is transferred into the rqpdtiameter sensing system. Figure (f)

is the most unique in the 6 experintgeas a dial tone, similar to the shovel tests used in figure

6.7, was used to provide a specific strain at a specific time, while the EM solenoid was emitting a
constant magnetic flux density. Results from these tests, as mentioned spannegdtfiom

' | for the acoustic sensing fiber, while the magnetic sensing fiber had a peak
magnetostrictive strain af ¢ T. (&) Multi-component data collected via picoDAS with constant
parameters of 15V, 2Hz, and 6mT. (b) Mydtmponent data collected via picoDA&h

constant parameters of 15V, 33Hz, and 22mT. (c) Mwithponent data collected via picoDAS

with constant parameters of 15V, 60Hz, and 16mT. (d) Mwolthponent data collected via

picoDAS with constant parameters of 15V, 60Hz, and 25mT. (e) idaftipoent data collected

via picoDAS with constant parameters of 15V, 100Hz, and 40mT. (f) Maoiftiponent data

collected via picoDAS with constant parameters of 15V, a dial tone ranging fro80500and

a constant 27mT magnetic fluX deNSItY.........oooveriiiiiiiic e 97

Figure 6.17: multparameter frequency response of both channel 1 and 14 tingittze

difference in magnetic and acoustic based strain frequency. (a) Dual channel frequency response
of a 15V, 2Hz, and 6mT test. (b) Dual channel frequency response of a 15V, 33Hz, and 22mT
test. (c) Dual channel frequency response of a 15V, 60HZ,.&nd test. (d) Dual channel

frequency response of a 15V, 60Hz, and 25mT test. (e) Dual channel frequency response of a
15V, 100Hz, and 40mT test. (f) Dual channel frequency response of a dial tone ranging from
500-30Hz and a constant 27mT magnetic flURSIEY. ............ouvviiiiiiiii e, 100
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Figure 6.18: Algorithmically separated dual acoustiaaig through FICA coding in MATLAB.

Figure 6.19: FICAseparated signals for an acoustic and magnetic source at 20V 60Hz. (a)
Separated signal originating from a 60 Hz acoustic response. (b) Separated signal originating
from a 60 Hz 20 V Magnetic field SOUICE.............uueiiiiie e eeeer e 102

Figure 6.20: Multivariate data sets analyzed by a PCA algorithm.............ccccooivieeennnnnens 103
Figure 6.21: Multivariate dataset analyzed by a RICA algorithm {Moore, 2022 #141}..104

Figure 6.22: Proposed design of a three dimensional (3D) magnetic field vector sensor,
compased of three G®oped silica optic cores adjacent to three ferromagnetic Ni rods, cladded
in silica, and drawn in a helical fashion at a specific helical @ag(a) Front diagram of the
proposed design. (b) Experimental set up tortdationship between strain transfer and distance
from an EM field POINt SOUICE...........cooiiiiiiiiiie e ieee e eeer e e e e e e e e e e e e e e e e e 104

Figure 6.23: 3D magnetic vector sensor, first pass pulse test to show the relationship between
magnetic field point source distance and magnetostrictive strain. Pulse tests shown here are done
by turning a Variac off and on rapidly betvme@ and 20 V. Hz and V were used as opposed to a
magnetic flux calculation as figures 5.5 and 5.8 already demonstrated the relationship between
magnetic flux density and input current for the testing stands. (a, b) The first pulse test showing a
4 secondperiment with a 2 second window between the off and on state where (a) and (b)
indicate the left and right sensor positions respectively. (c, d) The second pulse test with a larger
experiment time and time in between the off and on state where (c) andi¢dje the left and

right sensor positions respectively. In both instances the sensor located 20 mm closer to the
magnetic field point source showed higher magnetostrictive strain transfer.................. 106

Figure 6.24: A distance test is shown here where the point source was moved from 10 cm to 15

cm away from the originalsenspro s i t i ons. The o6l eftd and O6ri ght
same as in figure 6.23, and the only change in this experiment is the location of the Helmholtz

coil. (a, b): strain responses at 10 cm Helmholtz coil spacing with a constant 60 Hz 20 V

suppliedto the connected Variac. Hz and V were used as opposed to a magnetic flux calculation

as figures 5.5 and 5.8 already demonstrated the relationship between magnetic flux density and

input current for the testing stands. (a) and (b) in this image relathite 61 ef t 6 and Or i
positions respectively. (c, d): Strain responses at 15 cm Helmholtz coil spacing with a constant

60 Hz 20 V supplied to the connected Vari ac.
0righté posi ti omstanceed flgwebi24 theeséngor located 20nant closer to

the magnetic field point source showed higher magnetostrictive strain transfer............ 107

Figure 6.25: Theoretical results using equation 6.7 compared to COMSOL Multiphysics
generated results, pulled from figure 3.12(b). Results demonstrate close relationship ait similar
and’Q evalues but show a higher degree of variance whéin ‘Q ¢ This may be due to the
increased influence af i at larger ferromagnetic volumes, which would require modifying the
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precalculated. ‘¢alue from equation 6.5. However, whiertL 'Q €a good comparison to

theoretical and experimental values is seen
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1.INTRODUCTION AND MOTIVATION

1.1 MOTIVATION

In this developing technological age with applications becoming readily dependent on expensive
electronics, computerization, and complex matdaiatication detection of environmental and

innate physical properties through sensor technologies becomes anivegacitsion. In

recent years, magnetic sensing has seen increasing interest in multiple fields such as biomedical
engineering and applied geotechnical systems, with investment opportunities spanning from
military to commercial entitiefl-5]. Complex smart materials and metamaterialsehalso

entered public domain meeting a variety of needs with high threshold sensing capfhiltjes

Unconventional Oil and Gas (UOGsrurceshave played a large role in the development of
newand imppvedmagnetic sensors, to fully captivate the complex situations that wellbore,
subsurface hydraulic fracture geometry, and lacge pipelines have introducgd10]. Down
hole characterization of innate magnetic field paramétesbeen left largely to nuclear
magnetic resonance (NMRhd fluxgate magnetomet@MG) sensors for UOG resources, and
few improvements have been proposedecent yearf2]. Consolidation of sensor types is the
next big step for systenmisvolved in measuring while drilling (MWD). As of the current
iteration of MWD for down hole applications, multiple sensor types such as-teeatriFMGs,
tri-axial accelerometers, and mpdlse telemetry systesinave been developéd].
Consolidation of sensing types adds complications such as maintaining high sensitivity,
matching interconect types, scaling, and pricensiderationsThese limitations malyave

contributel to the fewrecentimprovements in MWD systems.

While UOG resources have a major need for MWD system improvenfiefds,such as
biomedical engineering and aerospace tasenilar need for unique system designs which
either consolidate or update current sensing syst@mssuch sensor design that has shown
increased interest of late are ones that involve magnetostriction, or electromagnetic induced
strain responses in gpBcally engineered material]d1-13]. Magnetostrictivedbased sensors
have seemn increase in popularity dueitderchangeableonfigurationgesulting invaried

effectiveinputs such as force and displacemgt]. Additionally, magnetostrictivenaterials



effectivesensitivity rangeare broad and diverseith specifically engineered materidilee

TerfenotD demonstrating marked improvement compared to the conventional Nickel element
sensorswhen exposed to high intensity magnetic fi¢lds17]. Fields such a’lOG and

Aerospacédiave begun to utilize magnetostrictive materials to perform a variety of techniques,
such agipelinemonitoring[18, 19]or embedded structural sensj2@]. While magnetic

sensing serves its purpose in the described situations, fiber optic sensing (FOS) can be applied in

similar fashion but have a number of additbenefits.

FOStechnologiesre well known fotheir cheap distributed characterizatiaiternativesor
temperaturepressureand flow analysi$21-24]. Due to innate low loss mechanics, extreme
temperature sensing capabilitiesdfully distributed sensingapabilities FOS are becoming an
increasingly attractive option for many differexgplications such as UOG resources and
aerospac5]. Both FabryPerot interferometers (FPIs) afilder optic Bragg gratingé-BG)s

have also introduced effective collection and interpretation of multiple external input sources
with multiparameterensing[25]. Continueddevelopment omultiparameter fiber optic sensing
techniques will assuredly benefit multiple fields and offer a more attractive product compared to

conventional single parameter sensing types.

Due to the performative and casfficacy of FOS technologies and magnetic sensitivities innate
in magnetostrictive materials such as Metglas T e +Df aadNioKel; a first of its kindreat

time distributed magnetic FOS system capable of differentiating multiparameter inputs such as
low frequency acoustic vibrations, electromagnetic waves, and high temperature inputs, will be
reported herdUtilizing distributed acoustic sensing (DA&)d lasemscribedFBGs the

proposed systemmproves upon current MWD technologies and pro\s@decheap and effective
system for emerging UOG plays and other fields that could benefit from a distributed

multiparameter magnetic sensarch as aerospace or civil enggning

As presented in Figure1, a multtmaterial sensing fibdras beetabricated using

magnetostrictive matersbuch as Nickel, Metglas, or Terferidlandhasbeenincorporated in a

fused silica cladding anumerically evaluated optimal core @isce.Through the external
electromagnetically induced material strain, the affected FBG based interferometer will relay that
external data at specific points throughout the distributed fiber, demonstrating locational
accuracy.The sensing system desaalutilizes DAS to interrogate the responsevafious



multi-parameter inputs, such as magnetic and acoustic fields, or magnetic fields and temperature,
by monitoring the modulation of the refractive index, and the decrease in fringe separation with
the fiber elongation induced by the magnetostrictive material

Figure 1.1: Distributed magnetic sensing fiber

Theoretical and numerical analysis of the proposed syatedetailedin chapters 2 ang,

respectively. The intent with these chapters is to providestdiackground and an optimized

design before beginning the fabrication. Chapter 4 will capitalize on numerically optimized
designs and provide details into preform design, waveguide fabrication, and detailed views of the
produced fiber through scanning @®n microscopy. Chapter 5 will demonstrate custom

designed lab saips to imitate environmental testing proceduidgse environmental testing
systemsnclude computer controlled low frequency acoustic emitters, temperature nodes, and a
electranagnetic coil. The intent in building the environmental housing is to provide external
inputs equivalent to something that may be experienced in a down hole sensing environment.
Chapter 6 willdlemonstrate the close relationship between experimental aretinahvalues,

while simultaneously demonstrating the multiparameter sensing capabilities of this sensor



design Finally, Chapter 7 will summarize work done, present next possible steps, and reaffirm

the novel nature of the multiparameter sensing system.

1.2 SIMILAR DESIGNS

One of the earliest attempts at combining FOS technology with magnetostrictive materials to
sense magnetic fields, figure 1.2, usegmbedded silica fiber embedded between a bulk
magnetostrictive jackg¢26]. The basic principle of this proposal is the magnetostrictive bulk
jacket will longitudinally strain when exposed to a magnetic field. This idea was theoretically
evaluated, and the authors proposed a maximum magaati@ationvalue of "O G VIO)

when using nickel as the jacketed material. Although no exact dimensions were given for the

jacket, the authors suggest the jacketed mate
fiber.
L
magnetostrictive jacket
Light Light
—_ - 3 ¢ lica T
In € iber (Silica) Out

3
2
Figure 1.2: A single mode silica fiber, jacketed in magnetostrictive material, presenf2d]in

A follow up paper, published one year later demonstrated expressiatsafos induced by
weak axial magnetic fields in a magnetostrictive jacketed optical [@@Fr This paper details

two important points. Firstly, the magnetic field sensitivity is directly corelated to
magnetostrictive material size, or in this case jacket thickeessndly, the most important
parameter in estimating maximum magnetoste sensitivity is the electromechanical coupling

coefficient[27].

Expanding upon the work done in 1979 and 1980, the magnetostrictive jacketwiasign
improved anctorrelatedo alternate field§28-31]. Besides magnetic field sensing,
magnetostrictive jacket designs can be appliemitcent sensing applications like fault
detection, and protection systems such as relays and §289n8&2, 33]



1.2.1 IMPROVEMENTS DEMONSTRATED

Unlike previous sensor designs applied in UOG and magnetic sensing applications, the proposed
sensobenefits frommultiple improvementgrirstly, the proposed distributed multiparameter

sensor benefits from mechanical and optical robustAasseen in Chapter 4, the fiber design

relies on an interior distribution of magnetostrictive material and is not reliantycexgarnal

bond reliability. Additionally, material mismatching, aging, and strain induced attenuation are

inherently mitigated.

As detailed in the 1980s jacketed magnetostrictive sensor d&gigelectromechanical

coupling directly contributes to an increase in magnetic field sensing. Due to the close proximity
to the sensor core atige heatingand bondingf the magnetic materiatiuring the fiber draw

process, the induced magnetostrictive strain sensitivity shows increased perforitance, e

X Y oXa , at subg 1@ amagnetostrictive materigiameter thickness. In addition to the
improvedsensing performance, a decrease in cost can be noted due to the traditional optical fiber
manufacturing techniques used. Further, longer lengths ofd#rebe fabricated with a single

optical preform. Approximately 20 km qf 1t Tt &fiber can be produckfrom a 1 meter long

optical preform, with a 20 mm total diameter.

The proposed design is built with the intention to be immediately applicable into current MWD
techniques for UOG resourcdsit may additionally be applicable in pipeline monitoring, enirr
sensing, and structural sensing applicati@4s36]. Due to the small sizing of the resulting

optical fiber sensoke ¢ 1 Tt & small sized boreholes for angled MWD applications may be
pursued37, 38]

Finally, due to the inclusion of distributed FBGs and the multiparameter sensing capability
attained fromultra-sensitive & € 7 DAS, theopticalfiber has no need for additional

sensing components thereby reducing total size and making it immediately useable into a variety
of functions.The following chapters will detail the theoretical, numerical, and experimental
framewak of this project, to provide proof of concept and novelty of the resulting optimized

structure.



2. THEORY

The following chapter will introduce the key theoretical components which act as a framework to
the COMSOL Multiphysics Numerical modelingptimization, environmental seip, and sensor
fabrication

2.1 ELECTROMANGETICS

To first understand how a magnetostrictive material reacts to an external magnetic field, it is
important to describe the fundamental aspects of electromagnetic theory. The best pdaice to s

for this work will bewith Amperedaw, due to the work performed in Chapter 5 demonstrating
anenvironmental testing lab sep with anelectromagnetic wave emitting air solenoid

Ampereds Law is a classic electromagnetics eq
magnetic field to the current enclosed by the integration [[8®}o This relationship can be seen

in the integral form:

6 Na © O 21

Where* andO are the permeability of free spamed enclosed current, whie & IQ ds the

line integral of a current induced magnetic fieldmeasured iTesla Additionally, the
differential form is expressed as:

0 22

The differential form easily communicates the intent, specifically relating the curl of the
magnetic fieldh 6 to the current density cfvdtr and magnetic constant. Applying these
equationdo a circular systemra new unit of measure can be used to include the effects of

magnetic materials, called magnetic field strerig@ttmeasured ir-. The magnetic field strength
demonstrates a proportional relationstuighe induced current streng®® “Gandan inverse
relationshipto theradius of a circular loofD® -.
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Figure 2.1: Graphical Representation @& mp e r e .OMherd. tlzewurreriOin the ringo
causes field| , Which is approximately uniform over the region of the small ding

Generation of a nearly uniform magnetic figidexperimental settings, largely relies an a
electromagnetic coilTheelectromagnetic coik composed o circular conductor such as
copperwires andworks by introducing a constant current to the conductor. As described by
Amperebés Law, a circular magnetic field wil!/
rule of thumb is the more rotations of the conductor, the strohgeesultingnagnetic fieldwill

become. To determine the magnetic field strength of a wire wrapped coil, a simple equation is
presented:

00
0

O 23

Where the magnetic field strendg@is related to the wrapping numhbemultiplied by the
currentQdivided by the coil length. Not demonstrated by the above equation, is the
dependency of the magnetic field strength on the typgemmaterial. Ths relationship is
dictated by a perméakilityiaralisdagelymeaglgible foriaic solenoids

Figure 2.2: Air solenoid electromagnet, to generate a controlled magnetic field indide aif
core gap, connected to a current producing energy s[88fe

2.1.1 MAGNETISM

Magnetism can bdescribed as the magnetic dipole moment per unit volliime material
responsef magnetic fields are represented by distributions of magnetic dipoles, which are
equivalent to electronic current loop]. Magnetism represented as a matevded prinipal
can be described by the following:

O ‘“ 0O 0¥ 2.4

Where* refers to the permeability of free space, B isrttagnetic fieldH and M are the
applied magnetic fieldtrengthand magnetization, respective8imilarly, Magnetic fluxcan be
described by Faradayod6s Law.
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Which details the relationship between the magnetic field B(t) with the magnetig fllover a
time dependent surfaé® o .

Through magnetization and magnetic flux density calculations, three specific types of ordered
configurations have been discovered aladgifications of these materials are based on their spin
orientations. Spin orientations can be described as atomic moment couplings where when a
magnetic field is introduced, the atomic moments directions can become paraHpgsrahél, or

not couplel.

"
. — M
q
[ =
2
-—
© P
mEa m m* mom w [-]
precession Pauli = 'H. H
el paramagnet ] L
S (= 5
Diamagnetic Precession Orientation 4| Orhit+spin | 4F 2
g e ) pin =
of moments
| 'i 120 || Awapx 170
SUF‘CN‘\_;"L'U“‘“ Diamagnetic Paramagnetic 3d —M'
perfect
diamagnet | i | H'
Ferro- Antiferro- Ferri-
I'Il.]i_‘FICUMTI FI'I‘.!gﬂL'l].‘I'Il I'\l'.!‘;‘l'lL'li\ﬂl
. .
AAARAE | AvAbAY | | Mvasy applied field

Figure 2.3: (a) Magnetic moments in specifically designated materials based on atomic moment
alignment41] (b) Magnetization curvgd?2].

Paramagnetic materialyych as dilute transitiemetal saltsgemonstrate atomic moments that

are either randomly oriented or partially couplecbhm paramagnetic materials three additional
material types can be categorized based on atomic moment alignment. One of the most useful
magnetic materials are called ferromagnets, which possesses the ability to spontaneously
magnetize, and shows hysteresis under applied fields which disappears at the Curie temperature
[41].

2.1.2 FEROMAGNETISM

Ferromagnetic materials commonly originate in transition metals such as, iron, nickel, cobalt,
and their alloysFerromagnetism can be attributed to two quantum mechanical effectsarspin,
the Pauli exclusion principl&rom a quantum mechanical perspective, spin is an intrinsic form
of angular momenturf#3]. Mathematicallythe magnetic dipole moment can be described by:

"On
—,n"Y 2.6

ca
Where' is the magnetic momeni,is the particleeharged is the mass and S is the angular spin
momentum ani is the dimensionlessfgctor. Unless spins are otherwjz@orderedlike in
ferromagnetism, in the presence of a magnetic field spins wiijrepérallel to that field.



Ferromagnetism is also influenced by exchange interactions, the quantum mechanical effect
related to the Pauli exclusion principlehe Pauli exclusion principle simply states that no two
electrons with the same spin can existhe same orbitaAdjacent atomsvith unpaired outer
valence electrons may come together and fosinallel electron spinsvhich carreduce the
electrostatic energy, making those systems more stable. In Ferromagnetism, the exchange
interaction betweenpins is much stronger than dipalgole interactions.
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Figure 2.4: Representativguantum mechanical spin direction for ferromagnetic and
antiferromagnetic systems. Where ferromagnetic sygtessess parallel spins even in the
absence of magnetic fields.

The predominant difference between a ferromagnetic and antiferromagnetic system is firstly the
spin, and the temperature influence. For an antiferromagnetic system, the spin will spontaneously
align antiparallel when magnetic fields are applied and at temperatures below the critical
temperature, typically below room temperature. Ferromagnetic systems will tend to retain some
magnetization after being subjected to external magnetic fields, lsddry a hysteresis

mechanism which disappears at the Curie temperature.

2.1.3 MAGNETOSTICTION

Magnetostriction is the mechanical strain response to a ferromagnetic material undergoing
exposure to a magnetic field. The induced strain response originates &ramftirm parallel

dipole moment ralignment upon exposure to a magnetic field. Mathematically, the
magnetostriction coefficients  relate strairw to the square of the magnetizatiGfO[41].

The contracted matrix form of magnetostriction is described by the following polar fourth rank

tensor where the tensor and matarefficients are related hy 0
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More simply the magnetostrictive strain can be represented by where the magnetostrictive

induced change in lengthiis divided by the original length before magnetization.
Magnetostrictivanaterial interactions have two general resulting phenonsgaataneous
magnetostriction and field induced magnetostriction. Spontaneous magnetostriction occurs when
ferromagnetic mirials are cooled to the Curie temperature, and while an interesting discussion
this form of magnetostriction is not applicable to the proposed sensor design.

Forced
Magnetostriction 7
e/ F i i
>\S— _ - erromognehc J‘Paromognfhf‘
I M,
—|—Forced
Magnetization
A g M
| ,— Technical S
Saturation :
l
|
|
0 1 ! | 0
I 10 100 1000 Y 300 T,
H (Oe) T (°K)
Figure 2.5: (a) Typical magnetization curna ferromagnetic materials. Magnetostrictive strain
is represented on theakis as_  —, and the »axis is represented by magnetic field stréngt

(b) Variation of saturation magnetizatian with temperaturg44].

Field induced magnetostriction is typically represented aurve, like in Figure 2&) and
2.6(b)where negative magnetostriction is demonstraféis magnetostrictive curve
demonstrates max saturation valuavhich is the point where theagnetizatiorM, is equal to
the magnetization of each domain ie temagnetized stafEhe process of magnetizing a
ferromagnetic material from zero o, figure 2.5b, is called ordinary magnetization. Forced
magnetostriction will only occur when the magnetic field is further increased past\hkie,
and it requies very high magnetic fields. Complete saturation of a ferromagnetic material
requires at’d constant temperature and a very high intensity finite field.
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Figure 2.6: (a) Effects of directional stregssand magnetization M, on magnetostrictive strain
[44] (b) Positive and negative magnetostriction cud/2) .

Magnetostrictive sensor design can be largely attributed to optimization of strain output in
ferromagnetic materials. There are multiple ways to optimize a maximum possible strain
response in ferromagnetic materials. The first way is to select a matéhial large maximum
saturation value, . The second wayredominantly illustrated in this wonill be controlling

the distribution oftresssuch as axial or transversteesscomponentsAs seen in figure 2.6,

there are specific configurations afiplementing stress directions, such as transverse or axial
stressFor a system experiencing a predominant transverse stress, the result will be lessened than
a predominantly axiadtresscomponent. This preferred strain orientation will depend on the

crydal type and preferred orientation of the ferromagnetic material. For example, an iron rod will
demonstrate a preferred orientatigmp 1 and perform better in the presence of compression

than tension, due to preferred orientation being parallel todhedd axis. For the sensing

system proposed here, it should be noted that the two predominant stress types will be transverse
and axial stress, where axial stress is considered more favorable for the proposed system
configuration, as demonstrated in Clea®

2.2 MAGNETOSTRICTIVE MATERIALS

As described in section 2.1.3, magnetostriction is the distortion of the lattice exhibited by
crystals when they are magnetically polariged]. For cubic crystal structures like Nickel or

TerfenolD, there are two magnetostriction constants, and_ . The saturation
magnetostriction in these cubic structures can be calculated by the following:
Y P
- - |1 | T | T
C

. 238
|

Where_ and_ are_ measured along the pp and p mtmt directions, with  attributed
to the directional cosigns alomghich the magnetic moments were saturated,;antepresents
the directional cosines where the saturation magnetostriction was mefd&jréar systems
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such as Metglashere will beonly onemagnetostriction constant, due to the having an
amorphous metallic structuréhe following sections, 2.2-2.2.4, will describe the material
properties pertinent to the proposed sensor design in addition to providing background to the
COMSOL v54 material inputs.

2.2.1 NICKEL

Nickel (Ni) is aface centered cubic (FCC) transition metet demonstrates ferromagnetism at
room temperature. The magnetostrictive properties of X haen largelycharacterized. As
Nickel possesses an FCC structdihere are two magnetostrictive constants. The values for the
magnetostriction constants , and the saturation magnetostrictionhave been
calculatedo be:

- T @ na_ ¢mna omna
Nickel is particularly useful ifiber-basedsensing techniqueés bulk Ni exhibits both negative
and positivemagnetostrictionmeaning a Ni powdaran be used as a ferromagnetic medium in
fiber optic preforms and reorietd external magnetic fieldbereby straining through contractive
mechanisms and exert a measured force on the optidaong both perpendidar and parallel
magnetic fieldswithout the need for directional ordering of the magnetostrictive matdrinhs
a generally lower magnetostriction compared to specifically engineered alloys like Metglas or
TerfenotD. However, Ni based multhaterialpreforms are easier to fabricate and process
compared to the other ferromagnetic materials listed.

It is additionally important to detail the COMSOL material property inputs and will be done so
here:

Material Properties Ni Variable Value Unit
Density " 8908 QTH
Relative Permittivity T 1 p
Youngods Mo 0 220 00 @
Poi ssonds ’ 0.305 p
Saturation Magnetization 0 pQ ofa
Saturation Magnetostriction _ -34 nna
Initial Magnetic Susceptibility 200 p

Table2.1: Ni material properties
2.2.2 METGLA S®

Metgla® is a unique ferromagnetic namystalline structure which boasts ability to demagnetize
quickly and maintain a maximum relative permeability of aropimoirth . Metglas®

2605SA1 "M 30 3™ 0 g demonstrates high magnetostriction upon expasuneak
magnetic fields ¢ Q&4 and is an attractive ferromagnetic material in many sensing
applications. Unlike crystalline structures such as Ni or TerfBndetglas® possesses only

one magnetostriction constant due to the amorphous nature ¢futter®.The saturation
magnetostriction constant was calculated to be:

12
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Additionally, the material properties imported into COMSOL are as follows:

Material Properties, Ni Variable Value Unit
Density " 7180 QTH
RelativePermittivity ] 5 p
Youngos Moag 0 100 00 O
Poi ssonos ’ 0.38 p
Saturation Magnetization 0 ) oxa
Saturation Magnetostriction _ 27 ppm
Initial Magnetic Susceptibility, 200 p

Table2.2: Metglas® material properties

2.2.3 TERFENOL-D

TerfenoltD or'Yo 'Ow' where & T T8 vand @ p& 8t isacompound

designed to maintain high room temperature magnetostriction and lower the magnetic anisotropy
of rare compounds such A0 DandO w@ The crystalline cubic structure for Terferdlcan

be seen in figure 2, where a single crystgrowth technique was used to produce this

compound.

Figure 2.7: TerfenolD cubic structure representatidai?].

Unlike ferromagnetic Ni, TerfendD prefers to align along the p p direction, and shows a
much higher strain anisotropy | _  with magnetostriction constants aratigation

magnetostriction values calculated at:
_ ewmno_ epomma wWONA

13



Due tothe growth mechanism$gerfenolD is purchased in sheets of materi&hile useful in

thin film applications is not conducive to easar@nufacturing in optical preforms. For this
purpose, only a numerical evaluation of TerfeDalill be pursued. The material properties
translated to COMSOL are as follows:

Material Properties, Ni Variable Value Unit
Density " 7800 QTh
Relative Permittivity i 5 p
Youngods Moag 0 120 00 O
Poi ssonos ’ 0.5 p
Saturation Magnetization 0 cQ o) (s}
Saturation Magnetostriction _ 996 nna
Initial Magnetic Susceptibility, 200 p

Table2.3: TerfenotD material properties

2.3 OPTICAL FIBER SENSOROVERVIEW

Optical fibers have been used in many applications over the years, from telecoms to passive
temperature sensirand UOG resourcdd6-48]. The typical makeup of an optical fiber sensor
includes an optical fiber connected to both an optical source and detector. Light is guided
through theoptical fiber and light boundary interaction istdied by a principle known as total
internal reflection (TIR). TIR occurs at an interface between two nvéthiedifferent refractive
indices such as &ber core and cladding. The equation governing the angle of refraction
between two materiais knownassSnel | 6s Law:
¢ VEF+ ¢ DEke 2.9

Where¢ andé ar e t he mat er i al é4stheircilantdightwhereeessthen di c e s
angle of refractionThe core and cladding of an optical filvatl have slightly varied refractive
indices. Due to the variation in refractive index, there will be aiteangle at which light
traveling from a high index to a lower index will refractat; known as the critical angle. The
critical angle can be expressed as:

— AOAGEIOEL 210
While confined in a fiber optic waveguigdeia TIR, light will propagate through the fiber
unaffected, unless otherwise influencedeyernalperturbationssuch as temperature or
pressureWhen the external perturbations interact with the external claddihg dberthe
refracting light will become modulate@his modulated waveform will be collected and
analyzed by the receiver and the resulting waveform can be demodulated and the influencing
parameters analyzed.
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Figure 2.8: Typical components of a fibeptic sensing systef#9].

Optical fibers can confine light in two distinct ways, either with single mode or multimode cores.
Optical modes are defined as the orthogonal solutions to the optic wave equation and the optical
power of the individual modes are considered addj6@¢ For single or multimode cores, the
maximum information transfer is dictated by the modal dispersion and thereby coupling
efficiency.

2.3.1 OPTICAL FIBER SENSING TECHNIQUES

Unlike many other nowlestructive testing (NDT) applications, FOS are an attciption due

to their robustness, scalability, and immunity to electromagnetic (EM) interfefe@@&have

been continually improved to fit many varied applications such as, curing rate sensors, internal
stressand deformation sensors, and of course MVélvmhole sensor&dditionally, FOS
technologies demonstrate wide bandwidth, high sensitivity, and integrated telgstgtry

FOS techniguesan be generalizadto three general categorigésterferometrybasedsensors
reflectometrybasedsensorsand grating based sensdreflectometrybased sensotgave been
implemented in long distance and continuous measurements and are based on Optical Time
Domain Reflectometr{52-54]. Reflectoméry-based sensemeasure returned optical

waveform that has been modulated by an external signal such as temperature or, pressare
possess some fornof locational accuracib5]. For some older applicatiorms reflectometry

based sensarexternal parameter detection worked by meaglexcess loss in the fiber region
[56]. Loss based microbend FOS were popular in industrial safety applications but have since
been updatedith more robust sensor designs.
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Figure 2.9: Early intrinsic FOS design based on intendigsed microbendingh6].

Extrinsic interferometrybased sensors, simply extrinsic sensors, distribute an optical fiber
waveform into a mediurrgenerally not erlosed by a waveguide, and analyze the modulated
signal returned from the mediut®ne populamterferometry technigue is known as the Fabry
Perot (FP) sensor. FP sensors measure the intensity difference between multiple interfering
signals caught betwedwo reflecting interfaces, figure 2.9a. Signal readouts are dependent on
the cavity length, and outputs can be affected by pressure change. Another popular
interferometrybased sensor is called the Matéhndebased sensor. Mastehnder sensors
measure té intensity of a phase shift variation when two beams are collimated by beam splitters
from a single light sourcgy7].
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Figure 2.10: Two popular interferometrpased sensors, (a) the FadPgrot sensor and (b) the
MachZehnder sensdb7]
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Gratingbased sensors, described more in section 2.3s8egat least one grating along the

core which acts as a band filter. Gratim@sed sensors can observe returned wavelefigths

each of the core gratingdgongthefiber. Signals returned from the gratings act as a sensor along
the waveguide and can demonstiiasimultiplexing capability.

2.3.1.1 DISTRIBUTED SENSING

Distributed FOS technologigbased on reflectometry, can be further characterized by their
scattering type, of which there are three: Rayleigh, Brillouin, and Raman scattering. Distributed
Acoustic Sensing (DAS) is a Rayleigh scattering technised orCoherent Optical Time

Doman Reflectometry (8OTDR). DAS is of interest in this research due to its long scale
capabilities and ability to interface with FBGs. In DAS systems, an interrogator sends a pulse of
light down into an optical fiber and collects modulated data originatorg &xternal vibration,
stress/strain, and temperature.

.................... .
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Figure 2.11: Example of Distributed Acoustic Sens|[Bd].

DAS is widely used in UOG and MWIR@nd offers picostrain levels of sensitivif§8-60].
Sensitivity in distributed systems is often the deciding factor waebecting individual units.
Sensitivity, defined as the minimum detectable input signal, is mathemaégphgssed as:

a
” ¢YOY

211

Where ,, is the minimum amplitude is a unitless constant attained from Rayleigh
distribution, and’YOY is the backscattered signal to noise rfib]. DAS guarantees a robust
signal collection, assuming appropriate optical fiber fabrication as significant changadtive

indices along the waveguide core will result in false positive signal. When single mode fibers
(SMF) are used with DAS, qualitative measurements up to 50km in length are possible. Due to the
distributed passive sensing capabilities, in additotme robust design and small scales, DAS has
seen distribution in many different applications.
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2.3.2 FIBER BRAGG GRATINGS

Fiber gratings are sensing elements which add a periodic structure onto an opticakr&ber
allowing for reflection interactions to oacat the grating sites. Fiber gratings are able to be
implemented post fiber fabrication, and thavelength of thgrating reflections are dependent
on thegratingperiodicity.Bragg wavelengths are affected by variations in external
parameters suchs strain, temperature, and vibrations. Bnegggwavelength is mathematically
determinedby:
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Where the Bragg wavelength is correlated to the central wavelength in FBEs, is the
effective refractive indewf the core of the fibeandy is the grating periofb2]. Wavelength
shifts in FBGs can be directly calculated by the ratio of the varied Bragg wavetengtiver
the original Bragg wavelength .
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Where the rati@)} 7_ is measured from the additive strain coefficié@tsind temperature
coefficientsQ. Extreme temperaturey Tt 1 3 p p TT TEZpOSure in distributed FBGs and

grating like structures have demonstrated irreversible drift{arumnealed systeni63, 64] Two
components of drift have bepnr oposed i n recent ti me200HFirstl y
may be due to release of frozen stresses generated by the fiber drawpfadg8s A A s | ow
bl ue dr i f t3005a0h at a@ r m@m gl Qeatehas also been noted in FBGs, but

unlike the red drift the slow blue drift seems to be predictfiBe 67}

Figure 2.12: Distributed fiber Bragg grating with a constant refractive indes] .

To summarizef-BGs periodicityareon the order o€ p 1t at dwith a maximum change in

reflectivity of p 1t top 1 . FBGs are created by laterally exposing a single mode fiber optic

core to a periodically distributed laser. The periodic distribution of light introduces a fixed index
modulation permanently changirtgetindex of refraction at the periodic grating points

throughout the fiber. Individual Bragg wavelengths combine coherently into a specific
wavelength at half the signal i nput 6s wavel en

2.3.2.1 ADDITIONAL TYPES OF FIBER GRATINGS

While FBGs remain the predominant grating type in industry, there exists a variety of fiber
gratings which can be applied to many different situatibasg-Period Fiber Gratings (LPGSs),
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as the name suggests, have longer grating periods, which are typszallyn bandejection
filters [69]. LPGs are based on the theory of sigremsmission, as the gratings direct light out
of the core and as the cladding modes decay a series of loss bands appear in the core mode.

Tilted fiber Bragg gratings (TFBGsgflect oncoming optical signals at a higher angle to the core
compared to FBGs. Tilting in TFBGs allows tteflected modes to appear in a transmission
spectrum plot instead of a reflection plot, as in FBGs. Transmission mode is capable of
interpreting tke reflected signals due to the highly attenuating cladding modes. TFBGs are able
to sense most external influencers such as temperature andraif]
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Figure 2.13: Transmissior{a, c)and reflection(b, d)spectrum comparison for a FBG and TFBG
[70]

Chirped fiber Bragg gratings (CFBGSs) function similarly to FBGs in that the Bragg wavelength
¢re  will reflect at multiple different points along the fiber. Meaning thatpéodicity

of the modulation is changed across the entire waveguide and each different grating reflects a

different Bragg wavelengthChirped gratings are capable of multiparameter sensing with

external perturbations such as temperature and $T‘&ird).
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Figure 2.14: CFBG design overview with (a) linearly chirped FBG (b) discretization of CFBG
into uniform FBG472].

While there are additional fiber grating types such as superstructure[F&8@sd multimode
fibersgratingg[76], this work will directly focus on the standard implementatibRBGs. The
following section will detail a few sensing schemes utilizing DAS and FBGs to sense external
attributes. Section 2.3.3 will introduce multicomponent capabilities oftagrated DAS and

FBG system.

2.3.3 ADDITONAL SENSING PARAMETER TYPES

In externdparameter sensinghile usinga fiber optic sensing systeia system will react to an
external perturbation through elongation, compression, or a variation ofGaibe length,
which is the phase difference measured between the backscattered signadnstrated by:
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Where the strain  is in the direction of the fiber is related to the phase changeand where
elongation of the fiber over its measured length ignultiplied by thet refractive index and

the wavelengtlt“ 7_ [77]. Phasechangesorrelate to sensing external parameters such as

strain, temperature, and magnetic fields. While methods have been described to sense magnetic
fields through sensor bonded ferromagnetic material strain through the phenahenon
magnetostriction, in the lowing sections it will be describdtbw fiber optic sensoiisave been

used to sense external acoustic and temperature sources, and then delineate between the two
using multiparametesensing.

2.3.3.1 ACOUSTIC STRAIN SENSING

Acoustic signal sensing in DASwadely used in microsiesmic application such as dtwie
sensindike hydraulic fracture monitoringn downhole monitoring applications DAS single
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mode optical fibers are distributed into an array of microphamkecting acoustic data at
specificallyspaced interval$Jsing GOTDR backscatteretito-10-meter channelare

interrogated independently and simultaneousiployment of fiber optic cables in hydraulic
fracturing monitoring are permanently deployed in vertical and horizontal wells, encased in a
stainlesssteelapparatus to protect from external destructive events.

Time

GL

MD

Tool bemg pulled
back to surface

Bridge plug

Figure 2.15: Deployed singlenode fiber optic cables interrogated by DAS in a hydraulic
fracturing monitoring application. Demonstrating a typical depth versus time plot with multiple
parallel optical fibers deployed multiple 10s of meters belowmploColor mapping shows
higher acoustic energies related to warmer col@] .

In downhole applications both OTDR and the alternate DAS approach of optical time domain
reflectometry (OFDR), based in the frequency domain, can be used. Hointareogating

highly sensitive acoustic data from multiple channsisg OTDR and OFDR relies on

interpreting a multitude of backscattered signélgh increased simultaneous acoustic signal
collection DAS becomes prone to signal fading and may experience data that fluctuates with
position and time. OTDR based DAS cartigate this at the cost of spatial resolution, and

OTDR will decouple the resolution and sensitiif§]. External signals such as acoustic noise
will be analyzed and extracted in two ways using DASe first method is to extract thiene-
basedbptical phase of each sensor, where an effective sensor data is extracted as the difference
between the phases of twells. The second method extracts the time based amplitude data, but
in case of many clustered sensors, the extracted data wileriotearly dependent on the

external acoustic signgg0].

2.3.3.2 TEMPERATURE SENSING

Temperature sensing in fiber optic sensors can be attained through multiple sensing methods.
Temperature sensing using Brillouin scattering measurem@oatelastic primary optical mode,
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is based on confined density changes. Through density changes propagating through the
waveguide, resonant phenomena occur. When combined with FBGs, changes in density can be
attributed to temperature or streBgtectionof a Brillouin scattering density change relies on
estimating central frequency shift, often times in the form of a Gaussian distribution. Similar to
DAS collection techniquesvhen Brillouin scattering is attributed to multiple channels analyzed
over the same time frame, spatial resolution will become a function of the sampling rate. With a
high data yield the reported temperature will become the average over the set seatgling
Although there are multiple Brillouin scattering techniques capable of temperature sensing,
called either spontaneous or simulated, the drawbacks are similar.
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Figure 2.16: A vertical depth profile ad distributed Brillouin scattering optical waveguide
plotted against the analyzed temperature outpitinimum gauge length of 0.5 m was
reported[22].

Distributed temperature sensing (DTS) can also be used with the Rasetmisy a nonelastic
primary optical mode similar to Brillouin scattering. Raman based DTS measures the amplitude
ratios of Stokes and arfitokes signalsStokes and antstokes signalare causality of Raman
scatteringwhere aronset light source will inelastically scatter against the molecular bonds of
the medium. Two distinct frequenciedpwer energyand higher energy, will appear as the

result of the molecular bond scattering, stokes aneséwites respectfullyDue to thedistinct
frequency, a ratio can be formed between stokes angtakgés scattering. When temperature
increases, the arstokes frequency will increase in intensity relative to the stokes frequency,
thereby changing the stokes/astibkes ratio. This rat is measured as a value independent of
source energy, and only depends on temperature and lof&itjon
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Figure 2.17: Example of scattering phenomena used in [BR$.

FBGs are also commonly implemented in DTS applications, such as cryogenic §&8lsing

FBGs and Raleigh scattering can be combined for temperature sensing applications, and a variety
of fiber coatings and claddings, such as polytetrafluoroethylene (PTd&E@ease the

temperature ranges possible in the respective scattering phenomena. For example, without
specific coatings, Brillouin scatterings have demonstratgd fluctuation belowp @ and

Raleigh scattering has shown a 0 fluctuation atg T [84].

2.3.3.3 MULTIPARAMETER SENSING

Multiparameter fibetoptic sensors are systethatcan gather information from multiple
external or internal sources, such as acoustics and tempefdtare are multiple approachies
attain multiparameter sensirguch as: FabriPerot interferometerZehnder and Michelson-4n
fiber interferometers, fiber loops, and FBGs and LPFB®sthe purposes of this work, only
FBGs will be detailed due to the cpsfficiency, robustness, and high spatial sensitivity.

Glued seazy_pn Free Eectmn SMF

-

1 | L1 I |

Single FBG with one prestrained section

Figure 2.18: Example of an early multiparameter fibeptic sensor with only one FBG. Used to
sense temperature and strg8b].

One of the first examples of a multiparameter fibptic sensor was a strain and temperature
sensor which used only one FBG, figure 2Higure 2.17 details a simple method to separate the
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external forces acting on the fiber. Ometson of this fiber was epoxied to a surface thereby
allowing vibrational strains to travel through the structure into the fiber, while the second portion
of the fiber was unaffixed allowing for temperature measurenj@bls

FBG, Etched FBG, SMF
| —~Z=m ALERRRERRREREREEEEE ) — = [

(Strain applied by force)

Two FBGs b)

Figure 2.19: Multicomponent fiber optic sensing system.Maijti-diameter cladded FBG
opticakfiber sensor capable of sensing strain and temperatb)eAlternate thermal
conductivity profiles along a fullgistributed fiber optic FBG strain and temperature sensor
[85].

An alternate multiparameter strain and temperature sensing strategyso beeproposed86]

that combines uniform FBGs with larger and smaller cladding diamé&ligrge 2.18aStrain
demodulationis possible due tthe change in thickness between the inner and outer cladding. No
temperature emodulationvas necessary, due to the cladding material sharing the same thermal
conductivity. Demonstrating similar principleggure 2.18b details a distributed fibeptic

strain and temperature sensor with multiple fiber thermal condliegiWwVhile multicladded

systems allow for daodulationof strain due to changes in material thickness, the multiple
thermal conductivities in Figure 2.18b allow for temperaturaatiulation while the epoxied
sections gather mechanical strain data.

UOG and MWD have alspursuedmultiparameter fibeoptic sensing systemg/avelength
division multiplexing (WDM), which converges a number of signals onto a single fiber and
enabling bidirectional sensing along a single fiber, is typically used Bragg gbaisegl systems
in addition topressure and temperatuR 1) gaugesP/T gauges are used in addition to FBG
multiparameter sensors. Bragg gratlagsed sensors have excelled in strain and temperature
sensing, while P/T gauges are used intermittently alangus downhole sensing structures.

Fiberoptic multiparameter sensor da@nnot be delineated with only a single FB{Bwever,
multiple FBGs can beised, oiintegrated with additional sensing techniques such as-Mach
Zehnder interferometers (MZIs), FabiPgrot Interferometers, or even additional FBG types such
as LPFBG. A helpful example of signalndedulationis seen in Figure 2.19, where arfilmer

MZI and FBG structure are exposed to multiparameter data.
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Figure 2.20: MZI and FBG structure interrogating multiparameter signals. (a) FBG reflectivity
peak (b) Sensor transmission curve affected by signalenéerde (c) Spectra change with
temperature influence (d) Spectra change with exposure to strain (e) Wavelength shift of FBG
and MZI to temperature (f) Wavelength shift of FBG and MZI to sf&ih

Demodulation techniques change depending osdhece of sensindgdowever, unique FBG
placements have offered a streamlined way of gathering multiparameter data, without relying on
interferometer techniqueA. triaxial strain sensor has been proposed which uses multiple FBG
wavelengths. Through changing the FBG wavelesigiransverse and axial data can be
demodulated by measuring theakto-peakseparation of the FBGs. Temperature sensing is also
possible with this configuration for the same reasons detailed by Figure 2.18(a)(b).

2.4 OPTICAL FIBER FABRICATION

Optical fibe fabrication consists of first designing an optical preform, often glass tubes of
specific diameters stacked together and chemically or thermally bonded. Optical preforms are
then drawn through an optical fiber draw tower, Figure 2.20. Optical draw taveelarge

vertical machines where an optical waveguide medium, in the form of a preform, is drawn
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through a furnace, cooled, and coated. Draw tower furnaces heat preforms through radiation
heating above the preform melting temperaturg 1t T tagxd with amppliedaxial tension the
preform begins talescend elongatingto a fiber. Descending from the furnace the fiber cools
aboveits melting temperature and is sometimes coated through a UV curing process.
Interferometric setups can be included for autom&®@ writing, in addition to tensile strength
measurement devices.

heating zone

natural cooling

forced cooling

L 4
drawing
direction

Figure 2.21: Optical fiber draw tower components. (a) Furnace schematic of a fiber draw tower
[88] (b) optical preform schematic

Drawn optical fiber diameters are dependent on a number of external and internal parameter
such as the manufacturing process or the imbedded preform mateahikty to maintain

consistent diameters throughout the fabrication process directly relates to transmission loss in the
end product. In addition, diameter variability correlates #&emal loss and increased
expenditureArguably the most important factor in the fiber drawing process is the heating
mechanisms, especially in muitiaterial preformss the heating mechanisms directly relate to

the viscosity, tension, and neck shapeptical fiber fabrication.

2.4.1 HEAT INFLUENCE

As an optical preform is fed through a furnace the temperature and viscosity will become
dependent on the heat distribution. Preform deformation, a viscosity and tbasgxhevent,
will result in a necked shape eventually leaving the furnace. The nslelpd directly effects
the fiber diameter uniformity, and it has been the goal of many past papers to accurately
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characterize the shape, viscosity, temperature saturation, and tension of this time dependent
process.
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Figure 2.22: Theoretically evaluated preform heating and drawing process to optimize drawn
fiber size consistendg9]. (a) Coordinates of an optical preforomdergoing radiative heat in a
draw tower furnacel() Preform neck size versus temperature distributions for three different
speedsty pTIAH Q® ¢ mad Q@ oTad QO

From previous work done, ceramic based optical preform size distributions caltllated

based on measurable input parameters such as preform size, furnace temperature, and preform
material propertie89, 90] Multi-material preforms such as the proposed distributed
ferromagretic core design will rely on additional external parameters, such as vacuum and a
longer preform section to allothe metallic interior to thermally saturate to melting point.

3.SENSOR MODELING WITH COMSOL

COMSOL Multiphysics is a numericalmulationsoftware which allows for conventional

physics and mulphysics interactions using systems of coupled partial differential equations
(PDEs). With a system solver capable of mphysics interactions, finite element solutiais
complex systems of equatiooan be solved. For this following chapter, when referring to
COMSOL Multiphysics, version 8.will be inferred. It is the goal of this chapter to continue the
theoretical discussion and demonstrate accurate numerical models to which fabricated sensors
can be compared and validated.

3.1 SYSTEM DESIGN
A ¢ 1 Tt ddiameter O fused silica fiber wth various numbexof ferromagnetic Ni,

TerfenolD, or Metglas ro¢s) € , were spacet a minimunp 11 dawayfrom a single
mode germanium doped fibepticcorewas bui |t in SolidworksE 2016
COMSOL Multiphysics, Figure 3.JAn additional cylinderO ¢ L TTa was added

around the silica waveguide as an air barrier and a medium for the magnethcfkERG was
placed midway along the@aveguide ap 1 &, a minimum spacing between FBGs in a
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distributed sensingchemd72]. A pfp Tatio viewing distance will be employed for the
remainder of this chapter.

Figure 3.1: Solidwork& designed sketdo beimportedinto COMSOLDomain selection is
demonstrated and is important to migtiysics interactions.

Multiple rods, spacings, sizes, and geometries were considered when optimizing through
COMSOL.Circular ferromagnetic geometry was chosen for multiple reasons. Firstlyygtitho
possible to fabricate optical preforms with complex stacking strai@detglas iscommonly
purchased as a thin cylinder waed therefore this geometry is used primarily in the model
design Nickel, unlike Metglas, is purchasable in powder form mglstacking and drawing

much easierand allowing additional shaping possibilitidscomplex geometry such as a hollow
crescent or hexagonal silica tube could be filled with Nickel powder without leaving air pockets,
the same cannot be said for Metglakeve wire stackingeavessmall gaps, resulting in

fabrication issues due to unevirermalbonding. Secondly, circular geometry seems to impart
concentric strain distributions in fiber cores whereas geometries such as hexagons or squares
have norconcentic core strains, further explained in section 3.9.b.summarize, a
magnetostriction effect is placed on a singlemultiple) nonlinear isotropic ferromagnetic

rod(s), exposed to a uniform magnetic field in the form of @ ttuboidsurrounding the fused

silica cladded waveguide. The resulting strain imparted on the core is calculated, and the optics
module is used to analyze the magnetostriction strain imparted oartheA sinde FBG is

added to further represent the fabricated system.

3.2 MODULE DESCRIPTION

The following sections will detail the modules dse addition to the boundary conditions
involved. Solid mechanigsolid), magnetic fieldgmf), electromagnetivavesbeam envelopes
(ewbe), and a Multiphysics interaction combining (solid) and (mf) called magnetostrvetion,
chosen as the governingodules Additional modules such as the thermodynamics and acoustics
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modules could be included to demonstratentltiparameter sensing capability. However, only
an experimental validation of muitbomponent sensing will be included, further detailed in
chapter &ue to simulation density.

3.2.1 SOLID MECHANICS

The solid mechanics modukevital in numerically evaluating the magnetostriction effect in a
distributed optic waveguid@ flexible domain is assumed for the waveguide structure, with

only one end constrained by a fixed constraint. The fixed constraint disables rotational diegrees
freedom and enables a ridged domain at the point of applicktiad constraint endpoints are
placedon strainingferromagnetic rodand the optic core to emulate an optic connector endpoint
Rotation isonly possible in the ferromagnetic coressming a mechanical effect is externally
applied. This effect idictated by the following equation:

. Joo

o mo E—CI— 3.1

Wheremand%o. represent the axis of rotation and the angle of rotation resped®iglyVhile

bulk mechanical rotatiois possible, the only rotational component intended to be observed is
magnetostrictive induced dipole rotation to align with the external magnetic field in the form of
either axial or transverse strain components.

4 4* Solid Mechanics (solid)
] lastic Material 1

Electric Conductor 1 |
W Initial Values 1 |
= Port1

f2| Free Tetrahedral 1

™. Solver Configurations

Figure 3.2. COMSOL simulated environment. (a) COMSOL Ul detailing modulus, Multiphysics,
meshing, and studies used. (b) Constrained ferromagnetic rods and germanium doped silica
core.

Nonlinear magnetostrictiois included in solid mechanics due to the magnetomechanical
interaction. As described in section 2.1.3 nonlinear magnetostriction represents a system where
the domain magnetizatiad s 0 is equal throughout the system, but the dipole orientation

can changergentation as the magnetic field changes, this is determined by the direction vector:
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Directional dependency of cubic systems undergoing magnetostriction is similarly calculated by
equation, 2.3detailed in section 2.2. However, for an isotropic material, which assumes
_ , the magnetostrictive strain becomes simplified to:

o

T —=q0qd 5 1 33
qy
Where 4 § 1 G & . The stress in a similarly isotropic material is defined as:
Y o7 7 4 3.4
Where the stifnessmatrixs and i s represented by Young6s mo

input valuesMagnetismis also detailed in the structural mechanics module, and while not
differing largely fromthe already dgcribed theoretical overview, it is important to understand

the addition of the Langevin function in a nonlinear magnetization system. The Langevin
function is a mathematical expression which describes the susceptibility-giiaatum

mechanical magnetitipoles. In COMSOL Multiphysics magnetostrictive systems are analyzed
by both nonlinear magnetization and the Langevin function, detailed in the following equations:

.~ A0 0
o Al o =BR T
v O Tullll 35
N e Tallll 3.6
R 1Y | pe
Talll

Wherel is the Langevin function and. is the magnetic susceptibilitiyagnetization is solved

first for the magnetic vector potentialand simultaneously fahe magnetic fieldd . Magnetic

field strength;Q, is then obtained as a function offild and magnetizatiof91]. The solid

mechanics module is attributed to all domains (2,3,4) excluding the atmosphere, which contains
the induced magnetic field.

3.2.2 MAGNETIC FIELDS

Magnetic fields are i ncl uadnltsusedito calcsts rédctirss toAC/ DC
induced magnetic fields and current distributions. This specific physics interface solves

Maxwel |l 6s equations, of which Anleebyasers.]l aw i s
Through t he Ancpnstitugvé relatibna suchratliieenagnetic vector potential and

its properties such as relative permeability caspeeified.For the simulated environment, a
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constant magnetic field is applied in atmosphere around the waveguide, similarly to down hole
environments.

¥ Model Input -

Temperature:
T | User defined

Absolute pressure:
Pa | User defined

Strain reference temperature:
Tret | User defined
20315(K]

v Material Type
Material type:

Norsolid
~ Coordinate System Selection
Coordinate system:

Global coordinate system
~ Magnetic Field

Constitutive relation:

Relative permeabilty
B=pouH
Relative permeability:

~ Electric Field
D= e
Relative permittivity:

From matenial

Figure 3.3: Magnetic field physics applied to an external atmosphé&) Amperes law user
inputs with the relative permeability selected as the input equatgit)(Sectionedsometric
representation of the magnetic field sensor with the externally applied magnetic field highlighted
in blue.

A secondary node, Ampereb6bs Law, Magnetostrict
tangent with the solid mechanics module when daetbin the magnetostriction Multiphysics

module. There was no remanent magnetization selected for this specific node, as the

magnetization of the ferromagnetic material will not be time dependent for this simulation. A

final node, labeled Magnetic field is applied to domain 1 and represents the constant magnetic

flux applied to this simulation. A preset value@f x Qdd is applied axially along the entire
waveguide.

3.2.3 ELECTROMAGNETIC WAVES , BEAM ENVELOPES (ewbe)

Electromagnetic waves, beam envelopes, is based on the wave optics module andtbgecifies
distribution of electric and magnetic fields along some medium where the field amplitude varies
marginally along the selected path. This module was selectedibtdetphysics involved in

the optical component of-OTDR based DASA unidirectional approach was taken where an
optical wavelength, p L LETD, is generated on one side of the waveguide and
propagated through the germanium doped coheravthe refractive indices of the core and
cladding are p& @ and¢ p& U pespectively.

EM waves, beam envelopes, is dictated by the first wave vector which is simply relating the
amplitude and phase to the Helmholtz equation. Tdmsbe mathematically visualized by:
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WhereOp and%. are the amplitude and phase, respectively. The first equation can be solved
when the second definition of the electric field is substituted into the Helmholtz equation,
resulting in only one unknown, B®22]. To simplify for the user, the wave vector, first wave

inputs can be generated automatically or for more refined wave distribution problems, manually
calculated using the above equations.
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Figure 3.4: EWBD module optical output, demonstrating high levels of confinement in the
germanium doped silica core.

Two ports, whicharenodes that start and stop wave excitation, were used on the front and back
face of the waveguid®ptical power was calculated as the inverse of the optical focal length
0 pr'Qwhere'Qs the focal length.

3.3 MULTIPHYSICS INTERACTION

In numerical modelingystems it is often helpful to compartmentalize-qoantum mechanical
phenomena to specific fields such as electrical or mechanical systems. COMSOL Multiphysics
implements this method of separating distinct modules into their respective fields buteatso o

a method to combine these physics in a streamlined manner named here Multiphysics
interactionsA Multiphysics coupling can be an automated or manual process where selected
physics modules are combined so that interfacing between the already intplimaimdary
conditions are possible. COMSOL additionally includes optimal meshing sizes and distributions,
named physicsontrolled meshing. For the proposed FEA model a mix of automatic and manual
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Multiphysics couplings are used to best optimize the lsitimn time while retaining a high

resolution and accuracy.

3.3.1 MAGNETOSTRICTION COUPLING
COMSOLGOs

magnetostrictive

coupling

mechanics and magnetic fields modules. Capable of validating both indidedirect
magnetostrictive effects the Multiphysics interaction has been applied to actuators, sensors, and

hybrid smart structure$leasurement of magnetostrictive effects can be characterized by direct
and indirect magnetostriction. Direct magnetostrictioi s

the measur ement

as a response to an applied field, while indirect magnetostriction measures the saturation

magnetostrictiond

| Direct Effects

| Inverse Effects |

Joule magnetostriction
Change in sample dimensions in the direction

of the applied field

Villari effect
Change in magnetization due to applied stress

AL effect
Magnetoelastic contribution to magnetocrys-
talline anisotropy

Magnetically induced changes in the elasticity

Wiedemann effect
Torque induced by helical anisotropy

Matteuci effect
Helical anisotropy and emf induced by a
torque

Magnetovolume effect
Volume change due to magnetization (most
evident near the Curie temperature)

Nagaoka-Honda effect
Change in the magnetic state due to a change
in the volume

Table3.1: Inverse and direct magnetostrictive eff&3].

L+AL

Magnetostriction (um/m)

e
Flux density B(T)

Magnetostriction (um/m)
J

500 -500 0 500 1000
Magnetic field (A/m)

05 1 15

Figure 3.5: Joule magnetostrictioeffect(a) Electromagnetic solenoid exposing a ferromagnetic
material to a magnetic wave and demonstrating the tiegushape change due to elongation.
(b) General nagnetic flux and magnetic fieldaveformg94, 95].

Only direct field induced magnetostriction will be reported, specifically the Joule
magnetostriction effect. Joule magnetostriction details the ferromagnetic shape change when
exposed to a magnetic figlfigure 3.5 As described in section 2.1.3, a directdiglduced
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magnetostriction versus magnetic field plot will demonstrate maximum saturation value.
Validation of the numerical modeling accuracy will first compare-# “Y curve for each of
the three ferromagnetic materials and then compaergermentally collected results.

3.4 MESHING

In FEA 2D and 3D geometries are broken up into discretized parts where a system of equations
based on implemented boundary conditions can be solved for each discretized part over the
entire geometry. A mesh is an anatgation of discretized parts known as elements. These
elements can be implemented in various forms, such as a tetragonal, hexagonal, swept meshes
etc Depending on the complexity of the geometry it may be preferable to select one mesh type
over another. & the purpose of the magnetic sensing waveguitteout a FBG both a swept

and tetragonal mesh were used.

S

U

L1
7

Figure 3.6: Sectioned view of aeshed magnetic sensing optical waveguide.

Element size has a significant impact in FEA, and directly relates to computational efficiency
and numerical resultgor high quality wave optics COMSOL modeling, it is suggested to start
with 12 degrees of freedom per wavelength, meaning that a solseerawill generate less than
1% error. The only requirement to generate this minimum element size is a known wavelength
where_  a¥QIn the described model, p v vEmatherefore allowing for a minimum
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calculated mesh sizing. Domains 2, 3, and 4, will use a swept mesh with the migliemuemt
size required by the wave optics module, while domain 1 will use a course tetragonal mesh.
Course meshes, or larger average element sizes, are often used ordimatiitms which
require little analysis and assist in speeding up simulation time.

Figure 3.7: Singular FBG with a grating period @& &t & A higher mesh quality was
attributed to the FBG compared the single mode optic fiber core.

FBG meshing requires a deviation from the swept mesh due to FB@ seteagonal mesh with
extremely fine quality was set for the fiber optic core, with decreasing tetragonal mesh selected
for the remaining domains.dinain 1 retained the lowest mesh quality throughout all

simulations A cylinder was projected onto the fiber core midway peint -¥ and
the refractive index changed to a higher calculated value.

3.5 RESULTS

Three numerical models using COMSOL Multiphysics have been created to validate
experimentally collected data and to guide initial fabrication and manufacturing methods. The
first mode¢, composed of the solid mechanics and magnetic fields modules, was used to optimize
the number, geometry, and size of the ferromagnetic rods. In addition, the first model was used
to benchmark strain sensitivity and to compare the first experimental B&fses of the sensor.
Composed of a-ineterlong silica cladded fiber, with either a single or multiple ferromagnetic
rodspositionedongitudinally along the fibeanda constant magnetic field distributed

uniformly around the sensor.
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To validate the ragnetic sensing capability proposed by this reseasatigei

¢ ft aNi ferromagnetic rocit@ ft dcorespacing was compatexperimentally and
numerically, figure 3.8 A uniformly distributed magnetiield wasgenerated arouritie
magnetic sensing structure through an EM Solenoid, Chapter 5, experimanththe resulting
magnetic flux density was detectéditial results demonstrate an accurate numerical analysis

when benchmarked agairtbe first pass— ¥ 6 experimental output.
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Figure 3.8: Experimental and COMSOL calculated numerical outputs for magnetostriction and
magnetic flux density.

A secondsimulation was produced to further analyze the optical components involved in the
magnetic sensing syste®y _ p v ueTBigaussian beamvith awaveformstructurecalculated
using% QU &@z wwas implemented using the EM beam envelopes module. Upon
confirmation that each physics, Multiphysics, and studies were outputting acceptable results, a
third simulation was created which implemented a single FBG midway along the fiber length,
indicative of a single experimental channel length.

Due to the suass of the first numerical model the geometry, size, and number of ferromagnetic
rods were optimizedlhrough changing specific ferromagnetic material parameters, the resulting
induced optic core strain was chang@eneration of an optimized geometry not only relies on
excellent strain such that lower magnetic fields can be sensed, but also maintaining the ability to
have FBGs inscribed during the draw process, this limits the numbarahagnetic rods

possible, a well as some geometries. Additionally, an optimized sensor must consider minimum
separation distance between the fibptic core; where minimum separation distance is based on
the preform stacking tube thickness. Finally, an optimized sensor struetstbentonsistently
replicated irfabricated geometries in both ferromagnetic rods and powders, leaving out some
more complex geometries such as doughnut shaped systems. As demonstrated in the following
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section, asymmetrical geometries will produce unijuan profiles due to directional dipole
influencers. These while interesting, will not be considered for use in the final system due to
manufacturing difficulty with maintaining consistent spacings, like in the asymmetric three rod
system.

3.5.1 GEOMETRY OPTIMIZATION

Multiple ferromagnetic rod geometries were considered ranging from bundled systems to
singular large diameter rods. Maintaining a simitat diametersor all proposed geometries,
i e p 1t & all geometriesvere simulated using 3D COMSOL Multiphysics
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Figure 3.9: Single rod geometriesonsidered ferromagnetic geometries: a) square rod,
i p 1t &b) Octagon p 1t &c) Circlei p 1t &d) EllipseO
v ao ¢ U dae)Doughnut ¢ T di pTt &

Initially only single rod systems were pursued due to the fabrication simplicity. Five general
strudures were considered, figure 3.9, and the resulting magnetostriction emanating from the
ferromagnetic rod to the core was tested. Resulting magnetostriction plots showed the circular
ferromagnetic rod as the highest geometric strain compared to the agdaretagonHowever

theirreported corastrains were withim— 0vQ  difference andho significant changes in

axial versus transverse strain components were noted. Both the ellipse and doughnut
ferromagnetic structures were added to determine Bhsipe change on axial strain influences

and not as alternatives to the simple single geometry ferromagnetic rods. Both the ferromagnetic
ellipse and doughnut shapes demonstrated highgnetostrictive strains and decreased

transverse strain components.
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Figure 3.10: Transverse strain components for three ferromagnetic rod geometries: a) single
circular rod i p 11 ab) single ellipse rodD v ao ¢ U ac)
Doughnut shaped geomeiry ¢ Tt di pTl &

Due to the success of the doughnut and ellipse geomadidisonal structures were created and
investigated These new geometripsirsuedhe followingideas,closecore proximity,increased
number of ferromagnetic elements, and concentri€lyse ore proximity directly increases

strain projected onto the core and therefore sensitivity, however minimum core proximity is
limited by optical preform wallhicknessHigher rumbes of ferromagnetic elements ties into

the idea that with increased ferromagnetic elements present within the waveguide, a higher core
strain can be translateinally, concentric elements positioned around the fiber core will reduce
the transverse strain influence due to directing the magnetic dipoles axially along the waveguide
resulting in an elongation effect

3.5.1.1 FERROMAGNETIC ROD NUMBER

Five structures were createdingreasenagnetostrictivetrains experienced by the core in
addition to forcing predominantly axial strain. With an increased ferromagnetic rod number
higher strains were noted in the majority of the structures. All concentricmodljeometries
also eperienced predominantly axial strain components excluding thp endxof the fiber
length.A 24-ferromagnetierod concentric bundled waveguide performed the best out of every

structure investigated with approximately pQ higher peak strain expienced in the optic

core. However, similarly to the doughnut shaped geomttis/ structurgrevents FBG
inscription. Ao 1t JT L raterialgap is generally acceptable for FBG inscription and by
removing that much material from the many rod concentric ledngdaveguide, a higher
increase in transverse wave components would appear

Two asymmetric geometries were investigated to further validate the relationship between
ferromagnetic rod geometry and strain wave type-s§@are bundled system and a three
agymmetric ferromagnetic rod system were investigated. Interestinglyshadre bundled

system performed worse while the three asymmetric ferromagnetic rod system perf§rmed 2
best in strain magnitude. Based on these performances a new simulation study was designed
which investigated the relationship of ferromagnetic rod and core separation distance.
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Figure 3.11: Multi-ferromagnetic rod geometries: a) 9 square bundled system,

¢® ‘ ab) 8 circular bundled systein ¢® ‘ ac) 2 symmetric circular rods
p 11 ad) 3 Asymmetric circular rods p 11 ae)24 circle symmteic rod bundled
system ¢ a

Axial strain was measured as a function of distance and size for a single and dual circular
ferromagnetic rod system. It was expected that with decreased core to rod distaddéion to
a larger ferrmagnetic rod diametea, higher strain would be experienced by the ddrdike the
previous simulations atheter simulation fiber was used in addition to higher mesiniradjty,
resulting in longer simulation times, but demonstrating more accurate r&ngfe and dual
fiber diameters ranging from‘ ato@ U awere spcedv* Gto@ U daway from the fiber
optic core. Total fiber diameter was measure@ at ¢ 1 Tt awhile the fiber optic core was

simulated aD g a

For the single ferromagnetic re@nulationsthe general take away is thattkwhigher
magnetostrictive rod diameter and closer proximity to the fiber optic core a higher
magnetostrictive strain is experiencathis trend is seen through the p U dspacing
simulations. Above 1 dGcore spacing only the U drod diameter was tested. Large intensity
changes were noted in thert dcore spacing when tte U adiameter rod was tested. Shifting
fromu v 1T dcore spacing showed approximately two orders of magnitude change in strain.
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Figure 3.12 Simulated maximum axial strain as functions of both rod to core spacing and fiber
diameter. a) Single rods tested frorh & @ U dcore spacingand‘ @ @ U a
ferromagnetic rod diameters. b) Two ferromagnatids tested from & p 11 Gcore spacing
andv‘ & @ U darod diameters

Similarly, to thesingle rod simulation, two rods simulated as a function of core to rod distance
and ferromagnetic rod size demonstrated that with increased rod diameter and smaller spacings
between core and cladding higher magnetostrictive strains are experienced. @isehfsgher

thanp 1t &a similar drop in intensity was noted without much deviation.

3.5.2 OPTICAL COMPONENT

A single modegermanium doped fused silica care T ' awas distributedongitudinally
over al-metertotal fiber length and the resultiigjfield and confinement were imaged and
compared to existing simulatiortslectric displacement field modsblutionswerebased on the
refractive index equation:

T -l 3.9

Where thaefractive index real and imaginaryandll respectively, are based on the material
input parameters. Optical wavelength for these simulations wassetas p v LTI
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Figure 3.13: Optical module outputs for@ v vE Twavelength. a) Hield output as a function
of length. b)SectionalD side view of Hield confinement

Two boundary mode analysis studies were performed on either end of the fapic@&esulting
mode field analysis indicated high levels ofi@d confinement in the cor&/aveform
demonstrated in the-Eield vs arc length plot was based on the automatic Baput 'Q 0 B@z
« The computed electric field at the input port é¢stssof the wave excitation plus the reflected
field. Simply translated to the following:

o 0 “v'O 3.10
Where the electric field subscript translates to the port number, asdattering parameter is

represented by . For a secondary port not experiencinfjeld generatione.g.,port 2 in the
simulated example, the computed electric field is given by

0 “v'O 311

The scattering parameters with indegan be generated by integrating the mode field over the
port boundary. The scattering parameters for the port boundaries are calculated by the following:

o 0 0 X W 312
00

00 ™ 3.13
" ‘
00 B
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Lastly, Efield power flow through the respective ports is given based on aatmerage
Poynting vector, whitc can be described by:

314
Y E'Y 0 0O

3.5.3 BRAGG GRATING IMPLEMENTATION

FBG implementation in COMSOL Multiphysics relies on input parameters based on the Bragg

condition,_  ¢¢ <. The effective index of refractian  was calculated through the

following equation:

) Q AlTqOD 3.15
& 7

Where the grating period and length of the filier0) andi respectively. A single grating period

of w T &t dwas generated midway along the germanium doped fused silica core. A single
ferromagnetic rod geometry was used as a placeholder until the finalized geometry was selected.
Parameters to generate the FBG Multiphysics simulation are further detailed enJigj2r Both
Metglas and Ni were used in the FBG simulations in which case the parameters would switch
with their respective material values.

~ Parameters

. MName Expression Value Description

wil 1550[nm] 1.55E-6 m Wavelength

fo ¢_const/wl 1.9341E14 1/s  Frequency

wiMin 1.2[um 1.2E-6 m Minimum wavelength

wiMax 1.6[um] 1.6E-6 m Maximum wavelength

wiCount n n Number of wavelengths

nEfi0 ((wi-wiMin)*1.4486190049886465+ (wiMax-w1)*1.4532501396504303)/(wiMax-wiMin) | 1.4492 Start guess for effective index

dwi (wiMax-wiMin)/(wiCount-1) 4E-8m 'Wavelength step

d 8.2[um 8.2E-6 m A layer diameter

rMax 62.5[um] 6.25E-5m The largest circle radius

Si 1.457 1.457 Refractive index, silicon (Si02)
Gesioz2 1.464 1.464 Refractive index, Germanium Doped Silica (GeSiO2)
deltan GeSi02-Si 0.007 Relative index difference

ESi 73.1|GPa] 7.31E10 Pa Young's modulus, S

EGeSiO2 78[GPa) T.8E10 Pa Young's modulus, GeSiO2
EMetglass 100[GPa] 1E11Pa Young's modulus, Metglass

nusi 0.17 0.17 Poisson’s ratio, Si

nuGeSio2 0.19 0.19 Poisson's ratio, GeSiO2

nuMetglass 0.38 0.38 Poisson's ratio, Metglass

rhoSi 2203[kg/m*3] 2203 kg/m® Density, Si

rhoGeSi02 4000[kg/m*3] 4000 kg/m® Density, GeSiO2

rhoMetglass 7180[kg/m*3 7180 kg/m® Density, Metglass

B1 0.65e-12[m*2/N] 6.5E-13 1/Pa First stress optical coefficient

B2 4.2e-12[m"2/N] 4.2E-121/Pa Second siress optical coefficient
lambda0_ewfd 1.55[um] 1.55E-6 m Free space wavelength
sigmaMetglass 7.423e5[5/m) T423E5 5/m Electrical Conductivity, Metglass
lambdaSMetglass 27E-6 2.TE-5 Saturation Magnetostriction, Metglass
msMetglass 1.27EB[A/m] 1.27E6 A/m Saturation Magnetization, Metglass
chiMetglass 200 200 Initial Magetic Susseptibility, Metglass
resMetglass 0.000142 1.42E-4 Resistivity, Metglass
epsilonrMetglass 5 5 Relative permittivity, Metglass

Figure 3.14: FBG simulation parameter inputs to assist quicker simulation implementation.
Additional parameters such as Grating period and effective refractive indexsatemganually in
the material and study sections.
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COMSOL FBG designs were benchmarked frommepeblished works and adapted to
the new multimaterial designdVhen adding FBGs to the previous optical simulations, a
less confined Hield core distributiorwas notedHowever, this is also reported in a
recent published work which studies the effect of strain induced wavelengtf96hift
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Figure 3.15: E-Field distribution in three numerically modeled cases. a) Simulation 2 without

FBG addition, demonstrating high levels of confinement. b) Simulation 3 with FBG addition,

showing lower levels of confinement. chBemarked work utilizing similar input parameters
similarly demonstrating lower levels offield confinement.
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Figure 3.16: E-field distribution as a function of axis length. a) Benchmarkdield plot with

the centerline placed at the FH@6]. b) Simulated output with FBG placementait Tt & Arc

length in this situation refers to thecwardinate length in microns, where 90dis the center
point of the optical core, and the total diameter of the fiber was 180

Two final plots of interesare demonstratefigure 3.15where thdirst represent the
wavegui deds abi |l iat"nd & avossssection \éew afteacls acting lead dn Ghe
simulation at one time. The magnetic flux density norm along the optic core axis (arc length)
shows theobserved field intensity alongdtwaveguide
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Figure 3.17: Additional plots which demonstrate successful models and assumptions, such as
sensing at sup ™ “Ya) Magnetic flux density plotted versus a manual cross section, starting at
optic wave production port (0,0,0) and ending at the receiving port with a (1,0,0) direction. b)
Cross section plot of every acting load (magnetic and optic), the connected field lines
demonstrate the magnetic flux density, whereas the light blue surfaeseat the electric field

distribution, and the red arrows show the magnetostrictive strain concentration.

3.5.4 STRAIN INDUCED DISTORTION

To determine the sensitivity of an FBG exposed to applied strain, a partial derivative of the
Bragg wavelength with respect to displacement is need€lde following equation solves for
the strain of the grating period with respect to the extension of the fiber with length L.

3_ pT ¥ pTe . 3.16
——30 — —3U
¥T U € TV

Bragg wavelength displacement with strain can be further described as dependent on the

Poi ssondés ratio of the materials affecting it
length30, the fiber can undergo two effects; the first may increase the distance between gratings,
and the second may decrease the effective refractive.imiexcombined effect of both, with

the inclusion of strain influence, can be represented in the following equation:

3_ . 3.17
— P T

Where 3 is the wavelength shift, is the Bragg wavelength,and” are the induced strain
and effective stratoptic coefficient,respectivelyThe effective strakoptic coefficient is
calculated through:

€ 3.18

Whereny and” are the components of the strain optic tensas,the fiber core refractive
index,and i s the Poissoné6és ratio. The finished plo
shift are ongoing, and the goal will begenerate similar output to figure 3.15.

44



() (b)
12 p — 35}
114 — Silica glass —&—15.m Diameter
1 Polycarbonate
1.04 —— PMMA 3| =—®—25;m Diameter
~ 0.9 = =—&—35,m Diameter
£
g ] 525/
£ 0.8+ E
£ 07 =
7 J w 27
= 0.6 =
ERYS el
E_) 0.5- H 1.5
2 04 2
< J 0] 1}
Z 034 =
021 05|
0.14
0.0 T T T T T T T T 0 - - - . .
0 100 200 300 400 500 600 700 800 0 0.5 1 1.5 2 25

Applied Strain (um/m) Applied Strain (zm/m) as a function of core to Ni rod distance

Figure 3.18 Comparison of wavelength shift as a function of applied s{e6h

3.5.5 MODE FIELD ANALYSIS COMPARISON

FEA mode field analysis results wesienulated in COMSOL Multiphysics v5.4vhichshowed a
single mode fiber operation at 1550 nm wavelength. Benchmarking the FEA results to
experimentally collected results predictably demonstrates a slightly higher intensity in the FEA
model, due to the ojmized constraints. Unlike either experimental graph, two vertical lines can
be seen here, positioned-dtand 4 & This is a consequence of a importing a COMSOL image
into MATLAB where the grayscale conversion did not affect the fiber geometry En@sing

the geometry outline in COMSOL before importing into MATLAB would eliminate this artifact.
The next step for this experiment will be including results from a 100x objective lens to assist in
matching to FEA quality. Another set of fibers can be&stkst this magnification to further
demonstrate core fabrication quality. Increasing the lens zoom from 40x to 100x will improve
the number of pixels collected by the IR camera, and thereby improve image quality.
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Figure 3.19: COMSOL v5.4 simulated spot size and resulting mode field intensity. (a) mode
field intensity plotted versus radial positionrdxis) where straight lines a# and 4 indicate a
total diameter off & (b) Spot size from simulatedstdt plotted in grayscale to imitate
experimentally collected results. Grayscale spot size was plotted as a function of color intensity
along the 0,1 direction in this 2D plot of a 3D simulation.

4.FABRICATION AND CHARACTERIZATION

As previously described,raulti-material single mode fiber hagen developed with a

distributed magnetostrictive element within the fiber, at arourg 1t dcore to rod distance.

Using circular fusegilica™Y(QQ rods in addition to a sardiametemmagnetostrictive element an
optical preform is created and then drawn on a fiber optic draw tdWwergoal of this chapter is

to demonstrate experimental processes taken to redltrer-@ptic sensing system capable o
reattime simultaneous distributed measurement of multiple subsurface, drilling, and production
parameters

4.1 PREFORM FABRICATION

Preform optimization and geometry design are included here to provide a template for
fabrication. Optical preforms are creatbddough a stacking method where tubes, rods, and
powders are included in@ W& & outer diameter sleeve tube. Production of a stable

waveguide requires a minimupnx & wall thickness for the inner sleeve tube. Inside of the

sleeve tubenultiple materials such as fused silica, Ni or Metglas, and germanium doped rods are
stacked, like in figure 4.1. Through the following design it is possible to create congent
meterfiber samples with one preform.

Component Description Diameter (mm)
Core Rod Synthetic Fused Silica ~35.5
Core Germanium Doped Silica ~0.30
Stack Rods Fused Quartz ~ 1.0
Stack Tube Fused Quartz ~0.8x1.0
Overclad Tube Fused Quartz ~8x12

Table4.1: Single mode preform stadimensions.

Nickel wire/powder or Me staghkechigedmetrysodthmtthefinal i nser
stack is flush with the core rod. Optimization of the magnetostrictive material distribution was
identified for Nickel, TerfeneD , and MetglasE. A powder filled
deemed very effective for both Terferidl and Met g | dusHedsurfAcesywhen asing

a metal wire may allow for inconsistencies in the draw due to a sikdgié gacuum applied at

the top of the fiber while the draw is in progress.

Preforms can be designed to operate in single mode assuming the operational wavelengths are
above the single mode cutoff wavelength
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“ Q00 4.1
w

Where d, NA, and V are the fiber optic core diameter, numerical aperture, and normalized
frequency Assuming a natural frequency @f ¢& T1t,ihe core diameter and numerical

aperture can bealculated for single mode operation. Fiber core and cladding ratios can also be
maintained upon fabrication of the fiber through:

Q Q 4.2
Q Q
WhereQ is the core diameter of the preforf, is the preform diameter,
Q is the core diameter of the fiber, 8@d is the diameter of the resulting fiber.

Overclad Tube

i

Stack Rods/Tubes
//

Core Rod
=\ Ni/Metglas™

o

Core

Figure 4.1: (left) single Ni wire stacked preform. (right) schematic of preform design.

Stock preforms consisting of a core and cladding are first stretched to a smaller diameter prior to
insertion into the sleeveallbe toensure the single mode operation in a ranitterial sensing

fiber. Stock preforms with an original diameterfe p Ui & were reduced to a final diameter

of Q e v® & & via an automated glass lathe.

| Q" 4.3
Q <
Reduced preform diameters are dependent on the above equation where the reduced diameter of

the preform is related to the torch speedailstock speed , and the original preform
diameterQ .
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Figure 4.2: (left) automated glass lathe schematic. (right) Stock preform and reduced preforms
fabricated on the automated glass lathe.

A final stacked preform, figure 4.3, consists of a core rod stacked into an outer sleeve tube with
metal and silica rods lining the outer edges of the core rod to create a flushed surface. A handle is
placed at one end of the preform, and the entire syistplaced under a slight vacuum during

the drawing process.

Figure 4.3: Final stacked single mode muitiaterial preform design.

4.2 FIBER DRAW TOWER

A full-scale three storyfiber draw tower has been ustedfabricate the mukimaterialsingle

mode fibersOptic fiber fabrication takes the following steps. First,dhewv tower furnace is

heated t¢ ¢ 1t 1 dtsb that the front nestacked portion of the preform begins to melt and

descend with the help of a mechanical downwards force. Preform feed rate are based on an optic
measurement, called a diameter monitor, which communicates the fiber diameter once heated
and drawing has begudV curing was used to coBfSM 34713-14 onto the fiber cladding,

which helped ensure a full cure at faster draw speetlsto & ‘Q &n automated capstan and

takeup collect the drawn fiber and spools them automatically upQav#iers per preform.
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Figure 4.4: (a) Optical fiber draw tower diagram (b) Multhaterial single mode optical fiber
preform stack design.

(b)

Multi-material melting point differences in the fused silica cladded ferromagnet system is a
critical component of this fiber draw proceSsiccessful completion of a muthaterial fiber

draw is firstly dependent on the vapor pressure, or boiling pdititeanaterial which will

dictate if the fiber draw is possible. Upon discovering a compatible ratio of vapor pressures, the
fiber can be drawn assuming a n&ltkvn region contains metal. Without a netdwn region
containing metal, the draw may pull frahre cladding instead of the core, thereby pushing the
metal upwards resulting in a failed draw. This phenomenon may be dictated by a combination of
multi-material surface tension and melting points.

Another insight into drawing multnaterial fibers is that the feed rate will dictate the amount of
silica you draw. Additionally, the draw rate will determine the size of the metal component. An
optimization routine balancing the draw rate and feed sat@going. Temperature ramping is
another important component, where the temperature ramping must be lower than the melting
point of the cladding when first lowering the preform into the furnace. Finally, a wide hot zone is
considered preferable for drawimulti-material fibers. Due to the insights gained from initial
fabrication attempts, consistent muttaterial fibers can be drawn with a relatively similar
ferromagnetic rod diameter and consistent overall fiber diameter over long lengths.
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Figure4.5: (a) VT automated glass lathe (b) Three story optical fiber draw tower

4.2.1 FIBER BEND TEST

Fiber bend tests were performed to evaluate the strength of thenmatdtrial fiberswith the
addition ofDSM 34713-14 as a coating. Bend configuration was explored as a method to
determine stress, as each bending arc will generate a uniqueBtredieg arc stress,, was
calculated through:

ey ==" 4.4
@]

Wherei is the fiber radius, th¥ o u nrgoduwus of a silica fiber is given iy p ®Q, R
represents the relationship between stress and the bendiag@d@cE-Hepresents the bending
arcwhere the maximum arc wallbbe— “ 7¢. As such, the maximum stressthat occurs at
“ T will be:
L 45
” !YO
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A final bend radius of the acrylate coated muitterial fiber was less thag® & &, which is
seen in figure 4.6. The calculated bending stress of this fiber Wwith @& & & was calculated
tobe ¢ mani Q

Figure 4.6: Fiber bend test with four bends tested to a final radius ofe& & .

4.3 SENSOR FABRICATION

Single mode core rods have been specially fabridatesrk witha preform stacking method
Initially an exterior nylon/silicone coatingasburned off a CeramOptec® Optran® Ultra

WFGE fiber and the outer fluorine doped silica cladding removed through hydrofluoric acid
(HF) fiber etching until the interiogermaniumdoped core is exposed. The fiber core was then
inserted into a fiber overcladbe and mounted on an automated glass lathe so that the overclad
could be collapsed onto the germanidoped optic core. Core ovality was noted as the result of
this process and a new method was developed to maintain a circular optichijooeet.6

It was determined that teduce core geometry warpirggminimum clearance between the core
and tube over cladding was required. In addition, the system must remain straight during the
overclad process to minimize warping. To accomplishthi® & a p8td a and

p8ta & ¢8ta a tubewasetched in HF to reduce the outer diameter of the smaller tube and
inner diameter of the larger tube. The smaller tube was inserted into the large tube, and the Ge
doped core inserted into the remaining sp@be. mult-layeredstructure was thecollapsed on

an automated glass lathhis process led to a highly circular core, which redube possibility

of polarization effects in single mode fibers.
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Ge doped core

Figure 4.7: (left) Initial core rod fabrication method which resulted in an ovulardéped core.

(right) Improved Gedoped core fabrication process which resulted in a highly circular core and

reduced potential for polarization effedn the single mode fiber.

4.3.1 FBG INSCRIPTION PROCESS

FBGinscriptionn s per f ormed here by a femtosecond

t hermal effectd resulting i n-bypwiotmethodigusedto
inscribe Type Il FBGs in pure silica fibeiss detailed in figure 4.7, theptical system uses an

external shutter to control the onset light beam. Steering mirrors function as periscopes which
alter the beam to a direction in 3D space. Beam direction is fixed by two irises placed along the

optical beam path. Aalf wave plate (HW) and polarization beam splitter (PBS) are used to

change the optical power of the linearly polarized beam, while a neutral density filter wheel is

used for laser power control. The laser system is imaged through an additional periscope,
composed of two mrors, which directs the laser beam into adftime monitor subsystem. A hot

mirror is used as a beam combiner, which directs the oncoming beam into an objective lens.
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Figure 4.8: FBG inscription setup. @, b VT femtosecond laser design to inscribe FBGs on

optical fibers. (c) Femtosecond laser schematic (d) resulting {bgtpbint FBG writing on a
single mode fused silica fiher
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FBG inscription requires a precise degree of rotatimm shat an optical fiber can be positioned

in the best possible way. To this point, six stages are included in the femtosecond-laser set

An Applied Scientific Instrument (ASI) 3D stage, Physiks Instrument (PI) piezo stage, Pl M126
stage, two Thorlabtation stages, and a Newport ESP300 controlled stage. All stages yield a
T ‘ dGaccuracy excluding the piezo stage which is capable of nanometer levels of accuracy. A
LabVIEW programwas created to control all external shutters, stages, and moveable
components.

4.4 CHARACTERIZATION

Analysis of the fabricated structures are performed through multiple avéimstly, SEM

images and material mapping confirm polishing quality, materials included in the final fiber,
concentricity, and ferromagnetic rod siz&gpoor polishing quality results in poor optical
spectrum analysis, so it is important to demonstrate high quality polished suriaitesately,
SEM cross sections present a rough estimate of surface quality through peak/valley imaging.
Alternately, AFM or a very powerful optical microscopeuld more accurately calculate surface
roughness, but this was deemed unnecessary.

Optical micrographs werused to supplement SEM analysis and a good representation of
ferromagnetic rod geometry, cladding quality, and core location can be gained from these
micrographs. Optical spectral responses were also tested using a LabVIEW program assisted
optical spectim analyzerAt t hi s st age both Ni and Meat gl as E
consistent geometry and quality. The following section will detail the preliminary

characterization of these fabricated sensors.

4.4.1 SCANNING ELECTRON MICROSCOPE (SEM)

A JSMHT500HR combined EDSSEM system was used to generate imagash conweyed
geometric consistency, polishing qualimd general material informatioDual Nickel rod

systens with a total fiber diameter of approximat&ly x 0 Gwereimaged using a backscatter
electron detector (BEIZ), and a secondary electron detector (SEHED-C and SED image
samples slightly different and unique information can be garnered fromBi6EhC imaging
techniques have higher atomic number sensitivities due to the deeper travel depths of the
backscattered electrons, approximatefy 1 Tt & For BED-C images, a higher atomic number
material will result in a brighter image, whereas lower atomimber material will appear
darker. SED imaging can provide more surface level information, compared t&€B&i® to

the shallower secondary electron travel depth, aroundt & SED images are useful for
investigating the topography of a material du@eak and valley analysis. Where brighter
regions, peaks, are closer to the detector, and darker images, valleys, are further away from the
detector. Differences in height is measurable as an average roughness or root mean square
roughness, where restiln is dependent on parameters such as sample tilt and pixel size.
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Figure 4.9: BED-C images of a two Ni rod fused silica optical waveguide. (left) Zero tilt-BED
image of two Ni rods, and a visible @eped fused silica core. (righp wtidt BED-C of a two
Ni rod magnetic sensor.

HighVac [G1x400

Figure4.10: SED image of at dilt two Ni rod magnetic sensor. SED imaging demonstrated a
high-quality polish and cleaved optical fiber end face topography. Peak regions along the edges
of the fiber are assumed to be a biological or polymeric addition and not innate to the fiber,

possbly added during handling.
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Optical fiber samples were prepared by reducing 1@ & total height and placing vertically

upon a SEM compatible sample stage. The vertical fibers were then sputter coaied drof

iridium to make them imageabletine high vacuum SEM environmeSEM stages were

rotated to observe a tajpwn view and a slightly tilted view. Next experimental steps could

include peak valley analysis through a series of slightly rotated images to gather roughness as a
function of peak and valleys. However, surface roughness only affects optic fiber coupling and
roughnessodos to the degree pr egeaditpdptecdiberar e mor e
coupling.

Figure4.11: SEM images of a 2 Ni rod fused silica magnetic sensing waveguide. (left) SED
image demonstrating high quality polish but broken or missing Ni rods. (righty@k&Dage
showing a 2 Ni rod system with a geometric vacancyaagchmetric or broken rod.

An older iteration of th& Ni rod magnetic sensing optical fiber was imaged using SEM which
shows a Ni rod vacancy site, in addition to a broken/asymmetric second NheoBEDC and

SED images of this system are useful fée\a reasons. Firstly, it demonstrates that a-high

guality polish was performed, meaning a haghality fiber optic coupling is possible. However,
possibly due to the speed, handling, or grit progression, portions of the end face have been
destroyed. Anotdr possible issue could be investigated here, due to the complete lack of Ni at
the site of the vacancy. While the destroyed Ni rod still shows partial bonding to the

"Y(Q cladding, the other Ni rod site contains no magnetic material. This pointg&r dfaw

issue, which seems to have been resolved in the newer iterations, possibly due to an improved
balance between heat saturation and draw rate.

4.4.1.1 ENERGY-DISPERSIVE X-RAY SPECTROSCOPY (EDS)

EDSis an elemental analysis technique which useayXexcitition to characterize atomic

structures based on their unique electromagnetic emission spectrum. Two systems were imaged
with EDS to demonstrate the unique locations dRY{2, andGe-doped silica. Xray mapping

was used to color map each of the unique materials involved in the sensing structure. A red color
was used forY(® cladding, green was used forCand yellow was set f@Be-doped silica.
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Figure4.12: EDS Xray mapping for three elements involved in the magnetic sensing structure.
(left) Combined viewhowing all three materials involved in the structuMX2, Ni, GeDoped
"Y{Q. (right) Individual components separated out to provide isolated view of each material
involved in the sensing structure.
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Figure 4.13: Original iteration of the magnetic sensing system imaged with EEy Kapping
(left) Combined EDS-Xay map showing the materials present in this systéf®, and0 "Q
(middle + right) isolated material components demonstrating only a single Ni rod present in the
top portion of this fiber. G®oped silica was not added as afray mapping option, but was
confirmed to be present in the BEDimage.

4.4.1.2 OPTICAL MICROSCOPE

Multiple multi-material single mode waveguides were fabricated with diameters ranging from
p Y 11¢ ¢ TTaon the fiber optic draw tower. All fibers were coated withytate and drawn to

o 1 1@ T meter lengths. Two and three Ni rod geometries were fabricated, in addition to two
Met g | a geémetriesd
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Sample ID Sample Description

2Ni-1220-1 SMF core, 2 Ni wires
3Ni-1220-1 SMF core, 3 Ni wires
2Ni-1220-2 SMF core, 2 Ni wires
3Ni-1221-1 SMF core, 3 Ni wires

2Met-1220-1 | SMF core, 2 Metglas™ wires
2Met-1220-2 | SMF core, 2 Metglas™ wires

Table4.2: Sensing fiber samples

-

- Niwires

@<+ SMCore

Ni wire —

S

Figure 4.14: Fabricated multimaterial fibers. (top) Variable nickel wire geometry centered
xuT dGaway from the fiber opti c *uvorr éawayfrdmohet o m) |
fiber optic core.

Micrographs of the fabricated waveguides demonstrate consistent cladding and wire sizes in the
Nickel system, whilMet g1 as E wi r es dlessiconsistent radtdiardetess.| Thisy h t |
may be due to the wire/powder fabrication methods used. For Ni systems, either a wire, with
consistent outer diameters, or a powder can be used. Powders are inserted into the system

through a sealed tube, withthesammat er di amet er as the silica si
be purchased in either wire or powder form, but instead are purchased as ribbons. Incorporation

of the ribbons into a preform stack require manual coiling, Figde d4nd then melting and

drawninto glass clad canes. The glass clad canes are what is inserted into the capillary tube and
stacked alongside the remainder of the stacked geometry.
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4.4.2 OPTICAL COMPONENT

The magnetic sensing structures were preliminarily evaluated using spectral attenuation
measurements via the doick methodThe cutback method is a technique which consists of
performing measurements on a fiber subsection, cut from a main coil. Thes fiog at a point

near the launching end, and repeated measurements are performed on the short length of the
fiber. The results are subtracted and extrapolated to determine the results for the residual long
fiber length.

| sEEc-ve w
~HeEeee 6 W _

Optical Spectrum Analyzér

Figure 4.16: Fiber characterization setip: LabVIEW assisted spectral attenuation and single
mode cutoff measurement station.
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To obtain the attenuation— via the cutback method, the spectral plot for a long fiber length

is subtrated from the spectral plot for a shorter fiber length, and then divided by the difference

in length between the two. At this stage, attenuation measurements are incomplete due to the
extremely low loss of the fiber. Single mode cutoff wavelength was cosdity the abrupt

drop in light intensity in the spectral plot due to the high attenuation of the second mode. As seen
in figure 4.B(b), single mode cutoff is reportedxap p uveTL
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Figure 4.17: (a) Single mode mukinaterial fibers spectral responses fopa Y v 1@ length.
(b) Single mode cff identified in a multimaterial single mode fiber

4.4.2.1 MODE FIELD ANALYSIS

ModeFi el d Di amet er ¢$0MId Jiffeeent chultimatgrial fiberswee tested
using neaffield measurement® further demonstrate optical fiber fabrication quality in addition
to confirming singlenode operation at 1550 niNearfield measurements were made using an

IR Allied Vision camera and 40x magnifying objective lens. In fiber optics, the MFD is denoted
as the optical power per unit area across the end face of amiad&efiber, as denoted by fig.

4.18

AE(r)

Figure 4.18: (a) illustration of mode distribution in a singlaode fiber and (b) definition of
modefield diameter under a Gaussian approximation.

Two fibers, one containing 2 Ni wires and another containing 1 Metglas wire, wepfissted
to Y’and connected to an FC/APC which was attached to a custom beam analypemdeth
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imitates the function of a laser beam profiler. A digitized optical spectrum analyzer, laser diode
driver and temperature controller are attached to bes tptic cable via the FC/APC connector,
which generated a nominal wavelength of 1550 nm and output power of approximately 10 dBm.
One side of the fiber is left polished or cleaved and manually aligned such that it is orthogonal to
the 40x magnetifying gbctive lens. The objective lens is additionally aligned so that the

resulting beam is centered on the IR camera. A LabVIEW based program was used to interpret
the results collected by the Allied Vision IR camera. Image quality is influenced by theabjecti
lens magnification size, beam power, and image gain.

Figure 4.19: a) Experimental satip, showing the fiber connected to the objective lens and IR
camera (b) Additional experiment view showing the F@ABnnector leading into the
spectrum analyzer. (c) Digitized spectrum analyzer connected to a laser diode driver and

temperature controller.

The fispotd intensity, collected by the I R cam
script was developed teanslate the figure intensity-@xis) as a function of the radial position
(x-axis), which was measured in micronsd . COMSOL v5.4 was used to analyze the MFD
theoretically and the irradiance of the sample, or radiant flux per unit area, was used as a
comparative yaxis for the experimental light intensity collected experimentally.
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Figure 4.20: Experimentally collected spot size and resultimgde field intensity plotted as a
function of radial position, or core diameter. (a) In this image a distributed ferromagnetic
Metglas® element was distributed internally adjacent to adGeed silica core and the
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resulting intensity from the spot size wistted to demonstrate single mode output. (b)
Experimentally collected spot size through an IR camera at 40x magnification.

Experimentally collected MFD plots demonstrate single mode operation and similar core

diameters for each of the fibers tested aBl@ement accuracy was dependent on the camera

noise, sensor response uniformity, digitization, and number of pixels in the image. Spot intensity
decreased in the fiber containing Metglas lgy ¢ Phowever, this decrease could be attributed

to the airgap @nnection between the objective lens and the fiber. As mentioned, a cleave or

polish can be used interchangeably; however, a cleave could incorporate contamination to the
surface and thereby decreasing fspodiacghangat ensi
in intensity collected due to the short depth of focus of both the lens and fiber.
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Figure 4.21: Experimentally collected spot size and resulting mode field intensity plotted as a
function of radid position, or core diameter. (a) In this image a distributed ferromagnetic nickel
element was distributed internally adjacent to adé@ed silica core and the resulting intensity

from the spot size was plotted to demonstrate single mode output. (binteqgaly collected
spot size through an IR camera at 40x magnification.

4.4.2.2 OPTICAL TIME DOMAIN REFLECTOME TER (OTDR)

Optical time domain reflectometers (OTDRS) dexiceswvhich can characterize the Rayleigh
backscattered lighwithin an optical fiberThe OTDR distributes optical pulses via an FC/PC or
FC/APC connector into the fiber optic cable and then monitors the backscattered light at every
reflection center along the fiber. Returned optical pulse strength is measurethetsoa of

light intensity measured in decibdisaxis) and compared to the length of the fibeaxs).

OTDRs typically contain a light source such as a laser diode, a photodiode detector, and a
control unit to measure reflection time
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Figure4.22: Block diagram demonstrating general optical time domain reflectometer (OTDR)

design and a representation of a magnetic sensing fiber plotted as a function of power loss (y

axis) and fiber length faxis) wih descriptions indicating relevant portions of the OTDR plot
output.

OTDR was used to optimize the experimental fiteefiber connection of the nespliced fibers.
OTDR spectrum analysis here was straightforward, as the first peak denoting the st Fr
reflection of the Sentek fiber, followed by the reflection sites spawned by the FBGs inscribed in
the Sentek fiber. Finally, the last peaks denote the magnetic sensing fiber start, a single sensor
location, and the end of fiber reflection. Connectiptimization was based on increasing the dB
level of the last peak which would indicate a higher level of core confinement for the pulsed
optic wave.

Figure4.22demonstrates theaktime experimental output of two fibers connected face to face
and connecterized through a combination of prestress and optical RI fluid. Results are
characterized in figuré.23 which describes each of the major peak positions. The OTDR used
here wasan ANDO AQ7260 which had the following settings for each experimental test: a
wavelength setting of 1550 nm, 10ns pulse width, and a 2km range setting. Fibers were
connectorized to this OTDR via a FC/PC connector, which required fiber polishing before
comection to the FC/PC attachment.
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CONDITION

_

Figure4.23: In-house ANDO AQ7260 OTDR connected via FCi®® e magnetic sensing
fiber with a reaitime output demonstrating an optimization routine to increase thetbiger
coupling efficiency.

5.ENVIRONMENTAL TESTING

In a laboratory setting xperimental detection of acoustic and magnetic signatures requires
variety of testing stands the&n imitate naturally occurring environmental paramefessuch
multiple devicesncluding, electromagnetic solenoids, Helmholtz coils, andnag2er scale soil
test bed for imitative near surface testimgre constructedn this chapter, each tesast will
be introduced and the parameters which they attempt to imitate will be characterized.
Additionally, the picoDAS, created by Sentek LLC, will be introduced alongiwitlB® 6
software suite.

5.1 ELECTROMAGNETIC SOLENOID S

Three electromagnetic (EM) soloids have been created to imitateubsurface environment.

All solenoids were wrapped with copper wire with a radius@h3and wrapped on average of
550 times over a-fheter lengthFor a first pass designmodified woodemspool figure5.1, was
creded due to the higlongitudinal mechanical stability. This design was later exchanged with a
2-meterlong PVC pipe, similarly, wrapped with copper wire. A final EM solenoid was created
to work with a Smeterlong fiber gauge length, with similar wrappiognsistency as the first

two solenoids.
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Figure5.1: (Left) First pass EM Solenoid with wooden spool desigom3copper wire was used

with 550 wraps over-Pneter length(Right) updated solenoid design utilizing a PVC pipe as the

base of the wrap. Wrap density was similar in both solenoid de#gtis.ends of theolenoid

were connected to the Variac® and amplifiersptvia alligator clips, which were rated at-10
Amps.

All EM solenoidsvereconnected to aRIGOL DGB12 10MHz waveform generatand

KADHN-HITE Corporation model 7802 impedance matchimagsforme which could

alternatively beswitched out foavariable autotransformémodel number: TDGG2KM),

Figure 5.3 A variable autotransformer was used due to high level of manual control over low
voltages specifically over the range of @M30VAC. Both the Varia® and DC/AC amplifiers

were connected to the EM solenoids ailggator clips connected to the copper wire ends.

Electrical tape was used to help secure either ends of the solenoid to make sure wrap density was
consistent.
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Figure5.2. MFD measurement collected via FEA through a COMSOL Multiphysics v5.4
simulation. (a) Resulting MFD plot generated by a MATLAB script, showipg @fiber core
diameter with two Ni rods distributed internally and adjacent to the optic core. (b) COMSOL
grayscale plot showing the irradiance distributed over the fiber surface, measukefiGin.

All solenoids wereharacterize@xperimentally and theoretically to ensemnsistentagnetic
field sensing result® handheld single axis magnetometer (detyg® needed) was used to
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characterize the solenoids and Helmholtz coils. Characterization of the solenoids was done by
first aligning the handhel d magnet ometerds se
incrementally testing. A-in ruler was used t@ke the magnetometer further into the solenoid.

The solenoids were characterized near central axis through sotioeilprgooden supports that

were distributed along the solenoidbs interio

OUTPUT:0-130V AC 60Hz

Figure5.3: MFD measurement collected via FEA through a COMSOL Multiphysics v5.4
simulation. (a) Resulting MFD plot generated by a MATLAB script, showipg @fiber core
diameter with two Ni rods distributed internally and adjacent to the optic core. (b) COMSOL
grayscale plot showing the irradiance distributed over the fiber surface, measusedan .

Theoretical data wasalculated from a magnetic field equation based on the-sezg®nal view
of a solenoid, which can be described as:
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Here themagnetic fieldd is calculated as a point on the longitudinal axis of the solehoid,
the permeability constant with a valuep® ® "OFd , while "Gs the current in the copper wire,
N is equal to the number of times the Cu wire was wrappéd, is the length of the solenoid,
is the radius of the solenoid, aadi is the sparation distance between the ends of the
solenoid to the magnetic field measurement point.
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Figure5.4: DC Magnetic field analysis of a-@eter solenoid with a PVC cylinder as the
supporting structure. Eperimental data was plotted against the theoretical data calculated from
ad B-field outpuf whichwas based on a DC input parameter of 5 amps controlled by a DC

amplifier and validated by magnetometer.

As demonstrated by figufe4,theoreticakesults closely matched the single axis handheld
magnetometer measured experimental values. Highgrsyshift in the experimental deaad
incremental increases and decreases of the magnetic flux dearsitg attributed to a few
reasonablexplanations. Firstlyas the handheld magnetometer was highly dependent on axial
orientation and any slight variation in orientation would significantly affect reswisch may

help explain théncrementaincrease and decrease in the magnetic flurcatloe solenoids
longitudinal axis. Secondly, although there was a high degree-wofif€wrap consistency, a

few cm gaps exist over the solenoids length which may have also added to the incremental
magnetic field changkastlysue tothe deresitiveyofitrtenoi dés | e
magnetometer, a constant background magnetic fieldfof"Was detected when zeroing the
handheld devigewhich resulted in a highergxis shift relative to the theoretical results
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Figure5.5: Measured AC and DC signals of ther2and 5m EM Solenoids using
magnetometer(a) DC mapping of the magnetic flux density as a function of current in the EM

solenoidgb) AC mapping of the-sn  E M

sol enoi do6 s funtomgaitene.i(cd) f i el d
AC results of the right and left half of theybEM solenoid calculating the magnetic field as a
function of time.

Figure5.5represents the additional AC and DC characterization of-thead 5m solenoids
where the magnetic flusensity and magnetic fields were plotted against the current and time
respectivelyStarting first with the DC mapping of theN EM solenoid when the magnetic flux
density is plotted against a gradually increasing current, we see a slope valugoft p @ T

o® 1 wwhich results in a coefficient of determination valuérof p. A 5-meter version of the
EM solenoid was also constructed and characterized with an AC field. An AC magnetic field
was generated here using a frequency pf &t ‘'Ocand a voltage of5. As this was an earlier
design, an alternate signal generator and amplifier were used, because of tmsgbkeBoid

showed a

squar e

wayve

d

ue to the signml gener a

solenoids, split into two graphs for ca@nrencewere plotted as the magnetic field versose
andshowedpredictableresults.
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5.2 RECTANGULAR HELMHOLTZ COIL

Ferromagnetic materials such as Nickel and Me
magnetostriction when exposed to magnetic fielddifferent orientations and magnitudés

an EM solenoid will primarily generate an EM field longitudinally along the length of the

solenoid, it was important to design a test stand which generated a magnetic field which was less
longitudinally focusedHelmholtz coils, specifically a rectangular Helmholtz coil, consist of two
electromagnets aligned parallel on the same Axikeoreticainvestigation into rectangular

Helmholtz coils and their resulting magnetic flux density was based on resentefseiar X.

Jing and W. Guavhich helped focus the coil desi{dv].
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Figure 5.6: Theoretical analysis of a rectangular Helmholtz coil and the resulting magnetic
field distribution[97].

Figure 5.6details the fabricated design, which is composed osbied frames with Cu wire
wrapped around the edgestloé frameThe magnetic sensor is distributed longitudinally across
the center of the Helmholtz coil laying in the center of theotted frameOnly DC magnetic
fields were used with this design, and therefore only DC magnetic fields were charactegized

the length of the Helmholtz coil.
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Figure5.7: Front view of the Helmholtz coil which was wrapped with Cu wire longitudinally

recreating the

rectangul ar

Hédumbo | t z

CoOi

Similarly, to resultdrom figure 5.5when plotting the magnetic flux versus the current for a DC
based magnetic field the slope was equabtop T 8@ L& o pwhich resulted in a

coefficient of determination value of

p. The magnetic fluxiensity was plotted versus the

longitudinal direction of the Helmholtz coil, where 0 cm indicated the frontal end of the coil, and
250 cm relates to the opposite end of the Helmholtz coil.
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Figure 5.8: Helmholtz coil experimental output. (sagnetic flux measured as a function of
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distance longitudinally, where zero and 250 cm are the ends of the Helmholtz coil, which show
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sharp drops in magnetic flux. ()C magnetic flux density maiog of the magnetic flux density
as a function of current.

5.3 ADDITIONAL TESTING LOCATIONS

Multiple testing locationgside fromEM solenoids and Helmholtz coils have been produced to
assist with characterizing the myttarameter fibers to their full extertcoustic fields measured

via the picoDASwas the first sensing scheme of interest, as acquestiosrbationgould be

generated without the need for any fabrication time, unlike the magnetic sensing portion of the
project. As such, an outdoor testbidure 5.9was created to imitate a nesaurface

environment. The outdoor testbed allowed for more thami®@rs of fiber to bdeployedat

once. A variety ofcousticgenerating eventsere employed at this neaurface site, such as

driving a car nearbgnd varying types of tap tests. Acoustic results gained from this testbed were
among the first to be transferred from the 3D picoDAS software to a MATLAB script resulting

in industry standardescriptive 2D plots.

Figure 5.9: MFD measurement collected via FEA through a COMSOL Multiphysics v5.4
simulation. (a) Resulting MFD plot generated by a MATLAB script, showipng @fiber core
diameter with two Ni rods distributed internally and adjadenthe optic core. (b) COMSOL
grayscale plot showing the irradiance distributed over the fiber surface, measuisttin.
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A final testing site vascreated as alternatives to the outdoor testbed and EM solenoids. The first,
a 2meter indoor soitestbed viich was lined with thermal insulation and connected to digitized
magnetic, acoustic, and temperature emission sites. The idea behind the soil testbed was that it
would provide a repeatable environment for continual subsurface testing with a variety of
cortrolled emission sites.-theters was selected for the length due to the spatmeter fibers
having a 2Zmeter gauge length. Sand was initially planned as the soil type, with additional types
and concentrations of soil to be gradually added after itgsding. Temperature control was
important to the latstage development of this DoE sponsored project, as higher temperature
multiparameter sensing locations are of current interest to downhole sensing and pipeline
monitoring applicationBoth a Smeterversion of the EM solenoid and soil testbed were created
to image fibers with Bneter gauge lengths but are not a predomifwamis of this research due

to the focus on fibers with-eeter gauge lengths.

5.4 SENTEK INSTRUMENT LLC | PICODAS SYSTEM

Interrogatian of themultiparametesensing fiber is performed through a unique distributed fiber
optic acoustic sensing systeoalled the picoDASwhich combines FB&and a timedivision-
multiplexing (TDM) signal processing scheme. A distributed feedback (DFB) laser diode serves
as the source and is operated in a pulse mode by direct laser current modulation. The light from
the laser is amplified by an erbivdoped fiker amplifier (EDFA). A narrow bandpass (BP)

optical filter is used to suppress the amplified stimulated emission (ASE) noise from the EDFA.
The laser pulse then propagates througkpar8optical circulator to the sensing fiber. The pulse

is partially rélected by each of the seriBBGs,and thereflections are routed by the optical
circulator to a photodetector (PD). After the electronic amplifier (AMP), the signals are digitized
by an analogo-digital convertor (A/D). The outputs from the A/D argltspeed processed by

a field programmable gate array (FPGA).
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Figure5.10: Schematic of the distributed fiber optic acoustic sensing system connected to a
magnetic sensing fiber containing multiple FBGs.

Sentek Instrument LLC has created a DAS system, designated the picoDAS, with a software
suite which offers redime 3D displays of various parameters such as acoustic waves at each
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position of the sensing fiber. The 3D software can be manipulatedngebkaalegauge length,

or manipulate the filter type, such as low/high pass filter cutoff frequency. Data storage can also
be optimized such that an external trigger or threshold of acoustic amplitude results in
synchronizationOne of the mostiseful features is the real time manipulation of data to show

one or multiple specific channels. Manual setting of the noise floor in conjunction with isolation
of channels results in a high degree of user control and quickmeatlata analysis.
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Figure5.11: MFD measurement collected via FEA through a COMSOL Multiphysics v5.4
simulation. (a) Resulting MFD plot generated by a MATLAB script, showig @fiber core
diameter with two Ni rods distributedternally and adjacent to the optic core. (b)) COMSOL
grayscale plot showing the irradiance distributed over the fiber surface, measuiettin.

The abovdigure 5.11 demonstrates a real time measurement data from a 5km sensing fiber
which was interrogad via the picoDAS interrogator, using a 5m spatial resolusied.sensors
wereimaged,and the output of a single channel can be seen Akkred lines possess similar
noise floor of around® @ T. The blue line seen in the above image ishiga frequency and
high-fidelity response which shows no cresmsitivity with any of the other channels. The
single channel was excited by a function generator which produced an impulse stretch to the
fiber.

5.5 STEP BY STEP EXPERIMENTAL SET -UP

It will be convenient to the flow of Ch6 to refer back to a stgpstep guide which details the
experimental procedure to capture acoustic and magnetitsteBufollowing section will be
dedicated to an accurate representation of the experimentgd pedceduref-or the following
section, 5.5, the assumptions will be that a multiparameter fiber with a gauge length of 2m will
be connected to a picoDAS system, and either AC or DC delestranagnetiovaves,or an
acoustic amplifier will be theensing source. Aflbers will have the same coating, DSM 3471
3-14, and either have ferromagnetic Ni or Metglaslements distributed within close proximity

to the fiber optic core. Lengths of each of the fibers will be variable, with only a consistent 2m
gauge length toct as the sensing channel imaged by the picoDAS. Splicing and or

73













































































































































